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“Blind” Landing. For some years radio 
aids to air navigation have made it possible 
for airplane pilots to fly when weather con- 
ditions are such that they cannot see the 
ground, but flights still must be cancelled 
when conditions at the destination are such 
that the pilots cannot see to land. Most 
promising of the various attempted solu- 
tions of this number 1 problem of aviation 
are ultrahigh-frequency radio systems, in 
which directive beams radiated from trans- 
mitters on the ground are received on the 
air planes and translated into appropriate 
instrument indications, thereby furnishing 
pilots with information that will enable 
them to land regardless of weather condi- 
tions. One such system has been developed 
to the point where it is being installed at 
ten important airports throughout the 
United States for an extended period of in- 
strument or “blind” landing tests (pages 
495-502). 


Electronic Tubes. During the past decade 
the variety of types and the applications of 
electronic tubes increased greatly. A re- 
view of progress in the use of tubes in this 
period divides into two parts: the field of 
communication, and other uses. In com- 
munication, radio has advanced steadily to 
higher frequencies, broad-band carrier sys- 
tems have been introduced in telephony, 
and television and frequency-modulation 
broadcasting have appeared—progress in 
which electronic devices have had an im- 
portant role (Transactions pages 643-9). 
Nearly the whole period during which tubes 
have been applied in other than the field of 
communication is included in the past ten 
years. Here tubes are in competition with 
other devices, and must make their own 
way on the basis of lower cost (Transac- 
tuons pages 650-4). 


Frequency Modulation. Because of its 
great advantages over the present ampli- 
tude-modulation system of radio communi- 
cation, the frequency-modulation system, 
under development for the past several 
years, now bids fair to become the domi- 
nant system in radiobroadcasting. In this 
issue, Major Edwin H. Armstrong, its in- 
ventor, traces the history of this new method 
of communication, outlines its advantages, 
indicates its present status, and predicts 
that ‘‘within the next five years the existing 
broadcast system will be largely super- 
seded”’ (pages 485-93), 


Impregnated-Paper Insulation. The re- 
quirement of mechanical flexibility in cable 
is at the root of the present method of ap- 
plying paper insulation in spiral tape form in 
successive layers, but it is not always pos- 
sible to retain maximum flexibility and 
maximum dielectric strength and stability. 
Paper selection should ensure the optimum 
combination for a particular cable; one 
factor is the thickness of the paper. Ac- 
celerated voltage-time tests have been 


made with this as the variable (Transac- 
tions pages 660-3). 


National Defense. Among recent develop- 
ments in national defense preparations of 
particular significance to the engineering 
profession are the announcement of a 
$9,000,000 program of Government-fi- 
nanced defense-personnel trainining in the 
engineering colleges (pages 521-2) and the 
National Resources Board’s recent request 
for co-operation by engineering and other 
societies in preparing a roster of scientific 
and specialized personnel in the United 
States (page 521). 


Nomography. Many computations in elec- 
trical-engineering work, particularly those 
involving the repeated substitutions of 
several variables in the same equation, can 
be expedited by the use of nomographic 
charts. In an article in this issue, the basic 
theory underlying these charts is outlined, 
and the application of the method illustrated 
by several examples involving familiar 
equations (pages 505-08). 


Current Transformers. Most of the infor- 
mation concerning current transformers has 
been derived from tests on models. A 
new method of calculating the accuracy of 
current transformers, making use in so far 
as possible of the well-established power- 
transformer formulas, avoids the making 
and testing of models and enables the de- 
sign to be made for a specific application 
(Transactions pages 663-8). 


Reference Values. Engineering measure- 
ments frequently require that readings 
taken with the prevailing conditions of 
temperature, humidity, and barometric 
pressure be referred to standard reference 
values. At best all reference values must 
be a compromise for broader variations en- 
countered by equipment in service, and 
therefore their number should be minimized 
(Transactions pages 669-75). 


New Code. The 1940 National Electrical 
Code, recently approved as an American 
Standard, embodies significant changes as 
compared with the last previous edition 
(1937). In an especially prepared state- 
ment, the chairman of the committee re- 
sponsible for compiling the Code discusses 
some of these changes (pages 503-04). 


Potential Devices. Several limitations goy- 
ern the rating and application of capacitance 
potential devices. To supply the need for 
co-ordinated practice, a paper outlining 
the basis of rating for the purpose of formu- 
lating standards has been prepared at the 
request of the AIEE relay subcommittee 
(Transactions pages 676-80). 


Radio-Frequency Measurements. Although 
the same basic principles are used in meas- 
urements at power and radio frequencies, 
different techniques are required because 
of changes in circuit elements with fre- 


quency. The art is growing rapidly as new 
instruments become available ( Transactions 
pages 654-9). 


Detecting Ionization. A cathode-ray oscil- 
loscope used in connection with an appro- 
priate air-core reactor has, been found to 
detect ionization in electrical apparatus at 
or below the minimum voltage at which 
radio interference may be noted by the 
“radio noise influence voltage’ method 
(Transactions pages 680-2). 


ECPD Annual Meeting. A complete list 
of engineering-school curricula accredited by 
the Engineers’ Council for Professional De- 
velopment as of October 24, 1940 appears 
in this issue (pages 522-3), in addition to a 
report of the annual meeting held that date 
(pages 524-5). 


Winter Convention. Inspection trips are 
being emphasized by the 1941 winter con- 
vention committee in its plans for the con- 
vention at Philadelphia, Pa., January 27-31. 
Trips planned at present are outlined in this 
issue (pages 510-12). 


Greetings From The President. A Christ- 
mas message to Institute members from 
President Royal W. Sorensen presents im- 
pressions gained in his presidential travels, 
and observations on Institute membership 
and on national defense (pages 509-10). 


AIEE Budget. The report of Institute in- 
come and expenditures for the year ending 
September 30, 1940, and the budget for the 
year 1940-41, are presented in tabular form, 
accompanied by a report from the finance 
committee (page 513). 


Coming Soon. Among special articles and 
technical papers currently in preparation 
for early publication are: an article on 
practical applications of research by E. S. 
Lee (F’30); an article discussing sun-spot 
disturbances of terrestrial magnetism by 
W. F. Davidson (F’26); a paper describing 
an investigation of the starting require- 
ments of a 660-horsepower locomotive 
Diesel engine by J. C. Davidson (A’07) and 
R. Lamborn (A’26); a paper on the applica- 
tion of electricity for the auxiliaries of rail- 
road trains by J. E. Gardner (M’37); a 
paper describing some characteristics and 
applications of negative-glow lamps by 
H. M. Ferree (A’40); a paper on vario-losser 
circuits by W. R. Bennett (A’40) and S. 
Doba; a paper on power-factor testing of 
transformer insulation by J. B. Hodtum 
(M’26); a paper describing an improved a-c 
pilot-wire relay by J. H. Neher (M’38) and 
A. J. McConnell (A’36); a paper on super- 
position methods for calculating effects of 
additions to power systems by V. G. Rettig 
(A’32); a paper on possibilities and meth- 
ods of extending a carrier-current relay 
channel to other uses by R. M. Smith 
(A’35) and S. L. Goldsborough (A’24); 
and a paper describing a push-button- 
tuned 50-kw broadcast transmitter by R. J. 
Rockwell and H. Lepple. 
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Evolution of Frequency Modulation 


EDWIN H. ARMSTRONG 


the development of a system of distribution which 
all are now agreed was not the right system. I am 
referring of course to the low-voltage d-c system. The 
inevitableness of its replacement by the high-voltage a-c 


Se: 60 years ago the electric-power industry began 


system is now obvious to everyone, although the literature 


of the transition stage reflects a period of violently con- 
flicting opinion. 

A part of the radio industry, in fact by far the largest 
part, is about to pass through a similar transition. It has 
become obvious that the present system of broadcasting 
is not the best, and that its faults are readily curable by 
the introduction of new technical methods. The char- 
acteristics of this new system 
are such as to provide prac- 
tically perfect solutions of 
most of the troubles of the 
present structure. 

These faults are, specifi- 
cally referring to the broadcast 
industry: the interruption or 
marring of the transmission 
by natural (lightning) or man- 
made static; the inability 
either to transmit the full 
musical range because of a lack 
of available channel space in 
the frequency spectrum, or to 
transmit that part which can be transmitted with full 
fidelity; the drastic mutual curtailment of the service 
ranges of two stations on the same wave lengths, even 
though separated hundreds of miles; and the distortion 
of the reproduction at certain points in the transmission 
paths by a phenomenon of propagation known as selective 
side-band fading. These difficulties and disabilities of 
present-day broadcasting are about to disappear with the 
introduction of a new system which has become popularly 
known as “‘frequency modulation,” although much more 
is involved than a method of modulation per se.’ Some 
15 broadcast stations employing this system are now in 
operation and some hundreds are projected. 

The problems solved are not merely technical ones. 
Since the system is primarily adapted for use in the ultra- 
high-frequency part of the spectrum, so much new fre- 
quency space becomes practically available that it has be- 
come possible to allot channel facilities to every town in 
the country. The factor that determines whether a com- 
munity may have a station to serve its local needs is no 


Epwin H. Armstronc is professor of electrical engineering, Columbia Univer- 
sity, New York, N. Y. Major Armstrong ranks as one of the outstanding 
radio inventors of all time, having previously contributed the inventions of the 
regenerative circuit, the superheterodyne circuit, and the superregenerative 
circuit. 
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Embracing the substance of lectures presented 
before many AIEE Sections and other groups, 
and particularly of an address delivered at the 
1940 AIEE Pacific Coast convention, this article 
by the inventor indicates briefly how the fre- 
quency-modulation system of radio communica- 
tion differs from the present amplitude-modula- 
tion system, traces the history of this new system, 
points out its advantages over the amplitude- 
modulation system, and indicates the extent of 
its probable applications in the future. 
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longer the availability of channel space, but the economic 
ability of the community to support it. The development 
of local broadcast service within these smaller communi- 
ties will play an increasingly important part in the broad- 
casting of the future. 


MODULATION 


Modulation in radio signaling is the process of changing 
some characteristic of the radio wave in accordance with 
the intelligence to be transmitted. The earliest form of 
modulation was the interruption or the breaking up of the 
radiated energy into the long and short pulses of the Morse 
code by means of a telegraph key, although in those days 
the term “modulation” was 
not used. Subsequently, with 
the introduction of continu- 
ous-wave generators, as dis- 
tinguished from the ‘‘damped”’ 
wave or spark type of trans- 
mitter, it became possible to 
superimpose the character- 
istics of the voice or music on 
the radio wave. The method 
employed followed closely 
upon an early form of wire 
telephone transmission in 
which the strength of a current 
flowing through the line was 
varied in accordance with the tones of the voice, the num- 
ber of times per second the direct current was ‘‘modulated”’ 
above and below its normal value corresponding to the fre- 
quency of the tone to be transmitted (considering, for ex- 
ample, a single tone), and the magnitude of the change 
corresponding to its loudness. In the earliest form of radio 
telephony the strength of the antenna current at the trans- 
mitter (in this case alternating several hundred thousand 
or more times per second) was varied in amplitude by a 
microphone connected in the path of the current. At the 
receiver, in the circuits of which currents corresponding 
in form to those transmitted were flowing, the variations 
in the amplitude of the high-frequency current were con- 
verted by means of a rectifying detector into currents 
corresponding in frequency and amplitude to those which 
the microphone would have created were it ‘‘modulating”’ 
a direct current. These currents may be observed in an 
ordinary telephone receiver. 

The difficulties of handling large antenna currents by 
either a single microphone or a group of microphones led 
to various proposals for another form of modulation known 
then as ‘‘wave length’ modulation. In this method, the 
amplitude of the antenna current remained unchanged, 
but the wave length or frequency was periodically in- 
creased above and decreased below a certain resting value, 
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‘the number of times per second the frequency was swung 

about the midpoint being determined by the frequency of 
the tone to be transmitted, and the extent of the change 
above and below (or the “deviation” from) the mid-fre- 
quency point being proportional to the strength or loud- 
ness of the tone. It was proposed to effect this kind of 
modulation at the transmitter by changing the induct- 
ance or capacitance of the circuit controlling the fre- 
quency of the oscillation generator by means of some elec- 
trostatic or electromagnetic microphone. Since no change 
in amplitude of the radio wave was produced, the trans- 
mission could not be received by the ordinary means. 
It was proposed to effect reception of waves with this type 
of modulation by causing the changes in frequency in the 
received wave to produce changes in amplitude by the use 
of mistuned selective circuits so that as the incoming vari- 
able-frequency current came closer into or receded farther 
from the resonant frequency of the selective circuit, the 
amplitude of the currents therein would be correspondingly 
varied and so could be detected by the usual rectifying 
means. No practical success attended these proposals, and 
the literature attests the fact that the early art struggled 
on with amplitude modulation. About 1914 the advent 
of the vacuum-tube modulator so completely solved the 
problems of amplitude modulation that for almost a dec- 
ade frequency modulation was forgotten. 

In 1922 the possibility of its use as a means of reducing 
the band width required to transmit a given range of fre- 
quencies was examined mathematically by Carson? who 
dispelled the illusion that a saving in spectrum space 
could be obtained over that required by the amplitude- 
modulation method. Carson proved that at least the same 
and usually a greater space was required by the frequency- 
modulation method. Other conclusions unfavorable to 
the frequency-modulation method were reached. The 
principal conclusions were subsequently confirmed by 
other mathematical treatments. 


SAIC « 


The major problem of radio signaling for about 30 years 
has been the interference caused by various forms of natu- 
ral and man-made electrical disturbances. While radio 
communication has always been subject to disturbances 
during lightning storms, the introduction of the vacuum- 
tube amplifier and the regenerative circuit in 1912 made 
the problem an ever-present one, as almost any signal could 
be received, however weak, provided it could be separated 
from the disturbing impulses which likewise, however 
weak, were always present. With the coming of broad- 
casting, which brought the location of the receiving sys- 
tem into areas where high levels of ‘‘man-made static’ 
existed, and with the improvements in the sensitivity of the 
receivers themselves, which finally reached a point where 
fluctuations in the flow of electrons in the early stages of 
the amplifier circuits became capable of producing disturb- 
ances, the noise problem became the all-pervading one in 
the art. 

Realization of the nature of the problem by those en- 
gaged in its study developed slowly. Following the in- 
troduction of the new methods of reception in 1912, a 


486 


Armstrong—Frequency Modulation 


vast amount of work was done on the theory that the dis- 
turbing waves of natural origin were different in kind 
from those used in signaling and that circuit arrangements 
could be devised to differentiate between them. The pat- 
ent literature of the art of this time furnishes an illumi- 
nating illustration of the amount of ingenuity that can be 
exercised along lines of unsound theory. 

It was finally realized that the nature of these disturb- 
ances is that of a spectrum which contains all component 
frequencies, some of which always coincide with those 
being used in any particular case for transmitting the sig- 
nal. Carson placed the matter on a quantitative basis in 
1925.8 Subsequently it was shown that many of the 
man-made disturbances are similar in make-up to those 
of natural origin and finally that the constitution of the 
disturbances originating in the irregularities of the motion 
of the electrons in tubes and circuits is likewise that of a 
spectrum. The amount of energy absorbed by any elec- 
trical system subjected to disturbances of this character 
depends on the width of the frequency band passed by the 
selective circuits of the system. Consequently it became 
a principle of design to make the admittance band of a 
receiver just sufficiently wide to pass the frequency com- 
ponents necessary to convey the signal, and no wider. 
The presence of the residual noise came to be accepted as 
a necessary evil. 

Subsequent to the publication of the 1925 Carson arti- 
cle,* it occurred to the writer that the use of a system of 
signaling in which only changes in frequency of a trans- 
mitted wave could be observed in a receiver (which was 
made nonresponsive to amplitude changes) might furnish 
a means of distinguishing between the desired and unde- 
sired currents. An experimental investigation under ac- 
tual working conditions using a receiver provided with a 
device for limiting out amplitude changes led to the con- 
clusion that the currents set up in the receiving system 
by the waves of natural origin were modulated in fre- 
quency as well as in amplitude and that no major improve- 
ment could be thus effected. These observations were 
made with the frequency band width of the transmission 
and reception kept to the narrowest possible limits. 

During the course of this work, however, an observa- 
tion was made which seemed to indicate that the changes 
in frequency of the disturbing currents were limited in 
extent. This suggested the idea that if the transmitted 
wave were modulated widely in frequency and if the re- 
ceiver were made nonresponsive to amplitude changes, 
feebly responsive to small changes in frequency, and fully 
responsive only to the wide frequency changes of the signal, 
a means of differentiating between desired and undesired 
currents might be found. With this relatively crude con- 
ception of a possible solution the necessary experimental 
work was undertaken. It resulted in the discovery of a 
new principle in noise reduction, the application of which 
furnishes an interesting conflict with the principle that 
had been the guide to the art for years. In accordance 
with this principle it was found that in a frequency-modu- 
lation system which is not responsive to amplitude changes 
within its working limits (noise not greater than one-half 
the signaling current), the wider the band used in trans- 
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Figure 1. 


mitting the signal the better the signal-to-noise ratio. 
The power gain of the signal-to-noise ratio increases as 
the square of the frequency band width used, and gains of 
a thousandfold or more can be realized in practice. Now 
the actual mechanism of the process by which the gain is 
achieved is much more involved than the foregoing ex- 
planation would indicate. It may be treated in various 
ways, but it is beyond the scope of this article to examine 
it in detail. A full explanation may be found in the writer’s 
paper! presented before the Institute of Radio Engineers 
in 1935. The recent AIEE paper by Everitt likewise con- 
tains a detailed explanation.‘ Further reference to this 
process will be made hereinafter. 


TRANSMITTING AND RECEIVING METHODS 


In order to carry out the experimental investigation just 
mentioned, it was necessary to produce both transmitting 
and receiving equipment. An extensive experience with 
the known methods of obtaining frequency-modulated sig- 
nals and their shortcomings led to the development of a 
new method which gave a complete solution to the prob- 
lem of producing large frequency changes of a carrier at 
the relatively high frequencies where of necessity the new 
system had to operate in order to find available channel 
space. This method consists in employing the modulating 


Frequency-modulator setup in shielded room used in early experimental work 


current to shift the phase of a current derived from a 
source of fixed phase and frequency (usually about 200 
kilocycles) by an amount directly proportional to the am- 
plitude of the modulating current and inversely propor- 
tional to its frequency. The resulting phase shift is then 
multiplied several thousandfold by means of a series of 
frequency multipliers. By keeping the initial phase shift 
below 30 degrees substantial linearity can be obtained. 
Some three to five thousandfold multiplication is required 
in order to give an over-all frequency swing of 150,000 
cycles at a transmitting frequency of 40 megacycles. Since 
it is desirable to perform the initial phase-shifting opera- 
tion at a frequency of the order of 200,000 cycles the mul- 
tiplication is carried out in two stages. The first stage 
usually converts its 200-kilocycle input to 12.8 mega- 
cycles; this frequency then is heterodyned with a fre- 
quency differing from 12.8 megacycles by a submultiple of 
the frequency which it is desired to transmit. Where the 
transmitter frequency is of the order of 40 megacycles the 
submultiple frequency may be of the order of 600 to 900 
kilocycles. This current is then passed through a second 
series of multipliers until the desired output frequency is 
obtained, where its power is increased to any required 
amount by a series of amplifiers. 

The receiving equipment follows amplitude-modulation 


Figure 2. Early experimental frequency-modulation receiving equipment 
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practice along certain general lines. The superhetero- 
dyne method of reception is employed with two additional 
pieces of apparatus. The first detector or converter of the 
superheterodyne and the intermediate-frequency ampli- 
fier follow standard practice with the exception that the 
intermediate amplifier has a much broader frequency-band 
width and greater amplification than in the ordinary am- 
plitude-modulation system. One of the two additional 
pieces of apparatus is a device for removing changes in 
amplitude from the received wave so that only pure fre- 
quency-modulated current is passed on for detection. 
This device is generally an overloaded vacuum-tube am- 
plifier in which the screen and plate voltages are reduced 
to cause the tube to give a limited output; hence it is 
commonly referred to as a “‘limiter’’. It is connected to 
the output of the intermediate-frequency amplifier and 
usually requires several volts to be applied to its grid for 
effective operation. The second device is an arrangement 
of circuits in which the transmission characteristics with 
respect to frequency vary linearly over the range of the 
intermediate frequency through which the signal sweeps. 
It is placed after the limiter and before the detector, and 
its function is to convert the frequency changes linearly 
into amplitude changes. The name ‘discriminator’ is 
commonly applied to this kind of device. Usually a dif- 
ferential or balanced type of detector is employed. 


FIELD TESTS 


The many years of research required to test out the prin- 
ciple were carried out in the Marcellus Hartley Research 
Laboratory at Columbia University, New York, N. Y. 
Since both ends of the system of necessity had to be under 
simultaneous observation, the transmitting and receiving 
equipment were located in adjoining rooms, the distance 
over which signals were transmitted being some 50 feet. 
During the winter of 1933-34 the system was demonstrated 
in the laboratory to the executives and engineers of the 
Radio Corporation of America for several months. Labo- 
ratory experiments in the “‘static eliminator’ field being 
subject to quite justifiable suspicion, the transmitting 
equipment was removed from Columbia in the spring of 
1934 and installed at the National Broadcasting Com- 
pany’s station located at the top of the Empire State 
Building in New York. This station had a 2-kw 44- 
megacycle transmitter which was originally intended for 
television, but which was not in use at the time. It was 
modified so as to transmit the wide-band frequency- 
modulation signals. Two modulators of the type here- 
tofore described are shown in figure 1. They were located 
in a shielded room adjacent to the power-amplifier equip- 
ment and hence could be operated in the open as shown. 
The receiving system was located at Westhampton Beach, 
Long Island, about 70 miles from New York City. Figure 
2 shows the receiving equipment as installed there in 
June 1934. The excellence of the results obtained in the 
initial tests surpassed all expectations, perfectly quiet 
reception being secured through the heaviest thunder- 
storms when all the standard broadcast services had been 
rendered utterly useless. As Westhampton Beach was 
obviously too favorable a site, the receiver was removed 
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in July to Haddonfield, N. J., near Camden, a distance of 
about 85 miles from New York, where successful operation 
likewise was obtained. 

In all these tests much greater improvement in the 
signal-to-noise ratio was obtained than the thousandfold 
gain heretofore referred to, as in addition to the improve- 
ment ‘due to the use of frequency modulation much less 
static is encountered on the ultrahigh frequencies than in 
the standard broadcast band. A pleasant surprise was 
the establishment of the fact that ultrahigh-frequency 
transmission, contrary to the accepted belief, did not stop 
abruptly at the horizon (about 45 miles for the Empire 
State tower) but could be successfully received up to at 
least three horizons. The complete absence of all the 
effects of selective side-band fading from which the stand- 
ard band suffers was proved, and all the fears of limited 
coverage were set at rest. 

Up to this point the development of the system had 
proceeded in a normal way, similarly to the pattern fol- 


lowed in the introduction of many other inventions into 


American radio. However, numberless objections began 
to be raised regarding the utility of the new system; and 
although for over a year and a half tests were conducted 
under all conceivable conditions and repeated demonstra- 
tions and comparisons with the existing broadcast system 
carried out, the Radio Corporation declined to put the 
invention into public use. The Empire State transmitter 
was withdrawn from further frequency-modulation tests. 

Work therefore was transferred to an amateur station 
W2AG located in Yonkers, N. Y. This station was 
equipped by its owner, C. R. Runyon, to operate on 110 
megacycles and was used to demonstrate the system to 
the Institute of Radio Engineers in November 1935, on 
the occasion of the presentation of a paper! describing the 
system. 

Next, application was made to the Federal Communica- 
tions Commission for permission to construct a high-power 
40-megacycle transmitter the success or failure of which 
would remove from the realm of academic discussion all 
questions concerning the efficacy of the system. The 
necessary authoritv was obtained at the end of 1936 and 
construction was started in the spring of 1937. The erec- 
tion was completed and testing started in the fall of 1938. 
In the intervening time scores of demonstrations carried 
out from the Yonkers station, W2AG, were made to the 
representatives of the broadcast industry. As a result of 
these the Yankee Network decided to enter the field 
and proceeded with the construction of a station near 
Worcester, Mass. (Mt. Asnebumskit, Paxton). At about 
the same time, the management of Station WDRC at Hart- 
ford, Conn., entered the field with the erection of a station 
on Meriden Mountain, Meriden, Conn. Shortly there- 
after the General Electric Company, as a result of the 
W2AG demonstrations, became interested and carried out 
and published the results of a long series of tests confirming 
the conclusions arrived at during the Empire State field 
tests. 

The Alpine transmitter was ready for preliminary test- 
ing during the summer of 1938. All expectations were 
more than fulfilled and in the summer of 1939 the sta- 
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Figures 3-6. Frequency-modula- 
tion transmitter built at Alpine, 
N. J., by the author during 1937- 
38; note antenna between ex- 
tremities of two upper arms (3); 
antenna structure, after a_ sleet 
storm (4); modulating equipment 
(5); frequency multipliers and 
low-power amplifiers (6) 


Figure 7. Last two 
power - amplifier 
stages 
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tion was placed on a regular operating schedule. A gen- 
eral idea of the transmitter as originally installed is given 
by figures 3 to 7. Since height above the surrounding ter- 
rain is of primary importance in ultrahigh-frequency trans- 
mission, the site selected was on the cliffs on the west side 
of the Hudson River known as the Palisades. .A point 
about 500 feet above the river 17 miles north of New 
York in the village of Alpine was chosen. The antenna 
structure of the Alpine station is illustrated in figures 3 and 
4, The height of the tower above grade is 400 feet. The 
length of the three cross arms is 150 feet and their vertical 
separation slightly over 80 feet. The radiating members 
of the antenna consist of a series of seven pairs of crossed 
rods about 11 feet long which are mounted on a boom sup- 
ported between the tips of the two upper arms. These 
crossed rods or “‘turnstiles” are separated slightly less than 
half a wave length and are fed by a series of transmission 
lines which wind around the supporting member. The 
whole antenna is fed by an open-wire transmission line 
of about 500 ohms impedance which runs vertically 
through the center of the tower and horizontally over to 
the transmitter building for a total distance of about 700 
feet. The efficiency of transmission appears to be of the 
order of 90 per cent. 

The modulating equipment, similar in type to the “bread 
board”’ setup of figure 1, is shown in figure 5. The modu- 
lator is entirely contained in the center rack, the left-hand 
rack housing the ordinary line amplifiers, and the right- 
hand rack housing the power-supply equipment for op- 
erating the modulator and other units. Figure 6 shows a 
further series of frequency multipliers and low-power am- 
plifiers for raising the power to a level of 1 kw at 40 mega- 
cycles. The last two power stages employ water-cooled 
tubes which raise the power respectively to 3 kw and to 
40 kw. Figure 7 shows these amplifiers as installed in a 
shielded cage, which is necessary for the protection of the 
operating staff from the high field strength. The modu- 
lating and low-power units shown in these illustrations 
were built by the Radio Engineering Laboratories and the 
two high-power amplifier units by the RCA Manufacturing 
Company. 

In the summer of 1939 the Paxton (figure 8) and Meri- 
den transmitters were completed; and when they and the 
Alpine transmitter were placed on a regular operating 
schedule so that their performance could be observed 
daily, the broadcasting industry became convinced that a 
change was imminent. A dozen more stations were con- 


Figure 8. 


Interior of Paxton, Mass., transmitter building 


Figure 9. Winter 
condition of ex- 
perimental _fre- 
quency - modula- 
tion antenna atop 
Mount Washing- 
ton, N. H. 


structed and applications for over 150 more were on file 
with the Federal Communications Commission by the 
fall of 1939, when it was alleged that improper standards 
were being employed and that a band width narrower 
than 200 kilocyles could be employed more effectively. 
The granting of further construction permits was sus- 
pended pending an investigation by the Commission of 
this question and the question of providing additional 
channel space to accommodate the large number of appli- 
cations for licenses. A public hearing by the Commission 
in March 1940, resulted in the approval of the 200-kilo- 
cycle band, the rearrangement of the allocation plan to 
increase substantially the assignment of channel space 
(42-50 megacycles) and the decision to grant commercial 
licenses. The Communications Commission has now re- 
sumed the issuance of licenses, and some 15 permits for 
commercial instead of merely experimental operation, have 
now been granted. 


RELAYING 


At the present time the wire-line facilities available for 
linking radio stations into networks are limited to the 
transmission of a frequency range up to about 5,000 or 
6,000 cycles and have a residual noise level considerably 
greater than that required for the full dynamic range of 
even ordinary studio orchestral productions. Approxi- 
mately the same limitation is imposed on the present-day 
radio stations by the lack of available frequenéy space and 
by the noise problem which results when receiver cir- 
cuits and speaker systems are adapted to reproduce the 
full audio range of 15,000 cycles. These limitations are 
not imposed on the frequency-modulation system since 
the band width used is much in excess of the range of fre- 
quencies to be transmitted and the low noise level permits 
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"the effective reproduction of the weakest overtones. Re- 
sidual noise in the transmitting equipment is now better 
than -—-70 decibels, so that the signal-to-noise ratio over a 
large part of the service range of a high-power station can 
be held below this level. Since the bottleneck, at the pres- 
ent time and perhaps for a long time to come, lies in the 
wire connecting links, various radio relaying projects have 
been started. 

_ The first of these was initiated by the Yankee Network 
to transmit the programs originating in its Boston studios 
to the top of Mt. Asnebumskit. The air-line distance is 
approximately 45 miles. Preliminary estimates of the 
cost of construction of the type of wire line required were 
in the neighborhood of $70,000, with doubtful guarantees 
of the noise level. The problem was solved by the use of a 
frequency-modulated 250-watt 130-megacycle transmitter 
located on the roof of the six-story studio building, ar- 
ranged with a directional antenna to beam the transmission 
toward Paxton. At the receiving end a directional array 
likewise adds to the efficiency of the circuit. 

The initial cost of the installation was a fraction of the 
estimated cost of the line, its maintenance cost is negli- 
gible, and its performance far better than could be ob- 
tained with any line facilities that could be furnished, even 
at the cost mentioned. The circuit has been in operation 
for over a year and has functioned perfectly through even 
the heaviest thunderstorms. Experience with this circuit 
has indicated ways of cutting the cost markedly. A second 
relay project which the Yankee Network is carrying out is 
the construction of relay stations to rebroadcast the Pax- 
ton transmissions. The first of these to be erected is lo- 
cated at the summit of Mt. Washington in northern New 
Hampshire, about 130 miles from Paxton. For over six 
months of the year the climate at the summit of this moun- 
tain is one of the severest in the world, winds of over 200 
miles an hour with extremely low temperatures being fre- 
quently encountered together with a type of ice forma- 
tion that imposes great mechanical stresses on the antenna 
structures. Two years ago a 100-foot tower was erected 
and a small transmitter installed to determine the prac- 
ticability of the operation of ultrahigh-frequency trans- 
mission from an antenna the normal winter condition of 
which is shown in figure 9. Two winters’ experience has 
resulted in a solution of the problems involved and a one- 
kilowatt frequency-modulation transmitter is now in- 
stalled on the mountain (to be increased to ten kilowatts in 
the spring); regular operation will begin about November 
15. The performance of this station will be watched with 
much interest throughout the radio world. A similar sta- 
tion located on a mountain in northern Vermont will com- 
plete the coverage of the northern half of New England. 
Several similar networks are projected in the southern 
Atlantic and the Pacific Coast states. 

Another relaying circuit is now in daily operation be- 
tween Alpine, N. J., and Meriden Mountain, Conn., and 
Alpine and Helderburg Mountain, N. Y., the station of 
the General Electric Company near Albany. The dis- 
tances involved are about 70 and 130 miles, respectively. 
At the Helderburg station reception is effected in the or- 
dinary way, and the recovered audio signaling current at a 
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remotely located receiver is sent over a telephone line to 
the transmitter where remodulation occurs in the ordinary 
manner. At the Meriden station the 42.8 megacycles of 
the Alpine transmission is converted to the Meriden fre- 
quency of 43.4 megacycles and amplified up to excite the 
final power amplifier without the necessity of creating any 
audio-frequency current in the process. It has been found 
possible to do this with the receiving antenna located 
within 100 feet of the transmitting antenna, and the elimi- 
nation of the processes of detection and remodulation 
has resulted in the removal of the distortion incident to 
these operations. 

The future undoubtedly will see the introduction of 
chains of relaying stations equipped with highly directional 
antenna arrays operating on frequencies considerably 
higher than those used in broadcasting. 


TRANSMITTING AND RECEIVING EQUIPMENT 


Great improvement and simplification has been effected 
in the design of both transmitting and receiving equipment 
since the building of the initial transmitter at Alpine. 
It has been found possible to eliminate the intermediate 
water-cooled power stage and to drive the final 50-kw 
amplifier directly by a 2-kw air-cooled amplifier stage, this 
in turn being driven by a pair of 250-watt high-amplifica- 
tion beam tubes, all operating on 40 megacycles. The 
beam tubes are readily driven by a pair of triplers operat- 
ing with a power output of 10 to 20 watts. Perfectly 
stable and reliable operation is obtained with this arrange- 
ment of the exciter stages. Figure 10 shows a complete 
modulating and exciter unit (2 kw). Figure 11 shows the 
50-kw amplifier unit for the Paxton station during con- 
struction. These units together with the power-supply 
racks for the high-power amplifier are all that is required 
for the production of 50 kw of frequency-modulated 
power. 


| 
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Figure 10. Modulating and power amplifier units of com- 
plete two-kilowatt transmitter 
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Power-amplifier unit of 50-kw frequency- 
modulation transmitter before mounting in shielded room 


Figure 11. 


Similar progress has been made in receiver design, 
figure 12 showing a general-purpose receiver which operates 
effectively on a field strength of about ten microvolts per 
meter and gives an undistorted audio output of about 15 
watts (a few watts only is necessary for home reception). 
Ten tubes are used, but with the production of double-pur- 
pose tubes specially designed to meet the requirements of 
this type of receiver further reduction in the number of 
tubes and parts is possible. 

At the present time intensive commercial development 
of both transmitting and receiving equipment is under 
way, the General Electric Company and the Western 
Electric Company being now in position to supply trans- 
mitters and some dozen receiver manufacturers having on 
the market sets adapted to receive both the frequency- 
modulation and standard-broadcast amplitude-modulation 
transmissions. 


SOME UNIQUE CHARACTERISTICS 


There are some characteristics that are unique in the 
frequency-modulation system which have no counter- 
part in amplitude modulation. It is, of course, well known 
that when the carriers of two amplitude-modulated trans- 
mitters are sufficiently close in frequency to produce an 
audible beat, the service range of each of them is limited 
to that distance at which the field strength of the distant 
station becomes approximately equal to one per cent of 
the field strength of the local station. As a consequence, 
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the service area of each station is greatly restricted; in 
fact, the service area of the two stations combined is but 
a small percentage of the area rendered useless for that 
frequency by the presence thereon of the two interfering 


stations. 

With the wide-band frequency-modulation system, 
however, comparable interference between two trans- 
missions does not appear until the field strength of the 
interfering station rises to a level of between 25 and 50 
per cent of the field strength of the local one. The reason 
for this lies in the fact that while the interfering signal, in 
beating with the current of the local station under such 
conditions, may be producing a large change in the am- 
plitude of the voltage applied to the current limiter, the 
system is substantially immune to such variations in am- 
plitude. The only way in which the interfering signal can 
make its presence manifest is by superimposing some 
modulation of frequency on the frequency variations of 
the local signal. Under the conditions this ‘“cross modula- 
tion” or phase shift superimposed upon the signaling cur- 
rent is limited to something of the order of a 30-degree 
change in phase, and the characteristics of the wide-band 
receiver are such that at least within the range of best 
audibility a phase shift of thousands of degrees in the sig- 
naling current is necessary to produce full modulation. 
Hence the 30-degree interfering phase shift superimposed 
upon the signaling current will produce little change in the 
rectified or detected current. As a consequence, the inter- 
ference area in territory served by two frequency-modula- 
tion stations on the same channel is greatly reduced, as 
compared with amplitude modulation, and becomes, 
in fact, less than the area usefully served. 

This property of the system, coupled with the fact that 
the propagation limits of ultrahigh frequencies are more 
sharply defined than those of the present broadcast fre- 
quencies, makes it possible to operate stations occupying 
the same channel space with much less geographical 
separation. Where desirable, it will be found practical 
to operate stations from 25 to 50 miles apart. 


Figure 12. General-purpose frequency-modulation receiver 
having an undistorted audio output of about 15 watts 
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_ There is likewise a fundamental difference in the factors 
that govern distortion in the amplitude- and frequency- 
modulation equipment. Provided the circuit constants 
are properly designed for the frequency of the signaling 
currents, distortion in an amplitude-modulated trans- 
mitter or receiver depends principally on the linearity of 
the characteristics of the vacuum tubes employed. In 
frequency modulation, distortion is practically independ- 
ent of the linearity of all the tubes that handle radio- 
frequency current and is dependent only on the phase 
shift introduced by the circuit components. These can 
be more readily designed and maintained to keep distor- 
tion below a desired limit. As a consequence, not only 
can aural effects be transmitted and reproduced with 
great fidelity, but the system is well adapted for multi- 
plexing. It has been found possible to transmit simultane- 
ously both an aural and facsimile program without inter- 
ference between the two, the facsimile transmission being 
carried out on a channel of superaudible frequency. This 
was accomplished as early as 1934 over a distance of 85 
miles in the original tests using the two-kilowatt trans- 
mitter at the Empire State Building in New York. 


APPLICATION TO SERVICES OTHER THAN BROADCASTING 


The system has important applications to various 
types of emergency communication services. Since the 
transmission of intelligible speech requires a much smaller 
range of frequencies than the full musical range—in fact 
a range of perhaps only 250 to 3,500 cycles—a smaller 
deviation of the transmitted frequency may be employed. 
It has been found practicable to make use of a total band 
width of 40 kilocycles in police service, and several in- 
stallations are now operating effectively. 

The largest project at the present time is that under- 
taken by the Connecticut State Police, who have in opera- 
tion nine fixed stations and approximately 200 mobile 
stations equipped for two-way operation. The fixed 
stations are located on hill tops and have 250 watts power 
output. The car transmitters have approximately 25 
watts power output. Thirty-mile communication be- 
tween the cars and the fixed stations and five- to ten-mile 
communication between cars is easily obtained. This 
system was designed by Professor Daniel E. Noble (A’32) 
of the University of Connecticut. (See figures 13 and 14.) 

The next largest project to be undertaken is in the city 
of Chicago, where some 200 mobile 25-watt car units are 
being installed. Numerous other projects for police 


Figure 13. Transmitter (left) and receiver in rear interior of 
car, Connecticut State Police system 
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Figure 14. Connecticut State Police system: 
250-watt station at Wilton, Conn. 


two-way 


services and for emergency-service use by power com- 
panies are being made, and it is doubtful if many new in- 
stallations employing amplitude modulation will be made 
in the future. It is, of course, needless to say that there 
are many important military uses. In fact, in practically 
all ultrahigh-frequency applications where weight or 
portability is not too great a factor, the frequency-modula- 
tion system has found increasing use. The one impor- 
tant field where progress has been inexplicably slow has 
been television, where its advantages, particularly on the 
sound channel, could be effectively utilized. A limited 
use has been made in the relaying of the television sight 
channel. . 


CONCLUSION 


Five years ago the writer said! that “the conclusion is 
inescapable that it is technically possible to furnish a 
broadcast service over the primary areas of stations of the 
present-day broadcast system which is very greatly su- 
perior to that now rendered by these stations.” With 
the cost of transmitting equipment for the new system 
already below the cost of the equipment of the standard 
broadcast type (for the same power output) and with the 
cost of broadcast receivers approaching levels that will 
permit large-scale production and distribution, the con- 
clusion is likewise inescapable that within the next five 
years the existing broadcast system will be largely super- 
seded. 
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Traffic Safety Lighting on 


OUR types of illuminants—high-intensity mercury- 

vapor, sodium-vapor, fluorescent, and incandescent— 
are used for various types of lighting applications on the 
new Pennsylvania Turnpike which recently was opened 
to traffic. First important ‘‘super highway” in America, 
the new turnpike stretches 162 miles between Pittsburgh 
and Harrisburg, Pa., burrowing through the highest 
ridges of the Allegheny Mountains with seven mile-long 
tunnels. More than 110 miles of the four-lane road is 
straight, the maximum grade is three per cent, and the 
worst curve is six degrees. 

Mercury-vapor lamps are used in lighting the seven 
tunnels, said to be the first tunnels ever lighted by this 
type of lamp; sodium-vapor lamps are used at the tunnel 
approaches and at traffic interchanges; fluorescent lamps 
are used inside the ticket offices, and incandescent lamps 
under the marquees over the driveway spaces at ticket 
offices. The lighting equipment was supplied by the 
Westinghouse Electric and Manufacturing Company. 

Employing 1,060 250-watt high-intensity mercury-va- 
por lamps in open reflectors recessed into tunnel ceilings, 
the tunnel-lighting system is said to provide three times as 
much light output as could be obtained from incandescent 
sources of the same wattage. The lamps are mounted 
horizontally with their long axes parallel to the roadway. 
Intensities at the tunnel ends are of the order of 150 foot- 
candles, tapering down to 51/2, foot-candles at some 250 
feet from the entrances. Such gradation eases the reaction 
of the motorists’ eyes in going from daylight to the much 
lower illumination level in the tunnels. The tunnel 


Entrance to one of the Pennsylvania Turnpike tunnels 
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the Peanevleania Turnpike 


lighting is designed for a driving visibility of well over 
1,000 feet. 

Emergency lighting systems operating from batteries 
also are provided for the tunnels. Emergency fixtures are 
spaced 300 feet apart in alternate rows, and furnish suffi- 
cient illumination for discernment of normal hazards. 
The seven tunnels are served by 242 emergency units. 
Batteries and controls are housed in control rooms at the 
tunnel portals. If the main power supply to any tunnel is 
interrupted, the emergency system automatically is 
placed in operation. The batteries are charged by gaso- 
line-engine-driven generators, so that the length of time 
that the emergency lighting systems can function is 
limited only by the gasoline supply. 

The tunnel-approach lighting extends an average of 
1,800 feet out from the tunnel portals and employs 10,000- 
lumen sodium-vapor units. These lamps not only pro- 
vide a good seeing light, but also act as caution signals. 
Luminaires are spaced at gradually increasing intervals, 
from 125 to 350 feet, progressing away from the tunnel 
portals. This lessens the contrast between the bright 
tunnel lighting and the comparatively dim illumination of 
automobile headlights when leaving a tunnel, and ac- 
complishes the reverse effect when approaching a tunnel. 

At traffic interchanges, sodium-vapor units are used not 
to supply high intensities, as at the tunnel entrances, but 
for cautioning approaching motorists. For this purpose 
151 sodium-vapor units are used, an average of 14 per in- 
terchange, being placed at strategic points where caution 
signals are desirable—on turnouts, curves, and underpasses. 

In each ticket office, four 40- 
watt white fluorescent lamps 
provide an intensity of 45 foot- 
candles on the ticket-sellers’ 
desks. Outside areas under 
the marquees which cover the 
driveway spaces are illumi- 
nated by incandescent units 
flush-mounted in the marquee 
ceilings. Six luminaires are 
used at every drive entrance, 
five of which are 200-watt units. 

Each mercury-vapor lamp in 
the tunnels operates from an 
individual transformer, sup- 
plied from a 2,300-volt 60-cycle 
multiple circuit. The sodium- 
vapor lamps are connected in 
series on constant-current cir- 
cuits through 6.6-ampere regu- 
lators. Other lighting units 
are fed from parallel circuits 
through distribution trans- 
formers. Total lighting load is 
375 kw, and is supplied by four 
companies along the route. 
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Instrument Landing of Aircraft 


OT many years ago, un- 
Neeser weather con- 

ditions meant the can- 
cellation of all aircraft flights. 
Subsequent development of 
radio aids to air navigation 
have made it possible for an air- 
plane to fly with safety under 
conditions of poor visibility, 
but it still is necessary to 
cancel flights where conditions 
at the airport of destination 
are such that the pilot cannot 
see to land. The problem of 
landing an airplane under 
adverse weather conditions 
remains the most important 
problem in commercial flying today. The United States 
Civil Aeronautics Authority (now Civil Aeronautics 
Administration), realizing this to be the bottleneck of 
safe flying under conditions of low ceiling and poor visi- 
bility, has endeavored to overcome the difficulty by 
fostering the development of a suitable instrument land- 
ing system. 

For more than ten years, experiments have been under 
way with various types of systems, but the most promising 
ones today are those utilizing ultrahigh-frequency radio 
waves. An experimental system of this type embodying 
the latest advances in the art was installed during 1938- 
39 at the Indianapolis, Ind., airport under auspices of the 
Civil Aeronautics Authority... The performance of this 
equipment was so satisfactory that the Authority decided, 
early in 1940, to proceed with the installation of similar 
equipment at ten important airports throughout the United 
States. An extended period of service testing will follow. 

Another system, similar to the Indianapolis system but 
utilizing higher frequencies and known as the micro-wave 
system, has been developed at Massachusetts Institute of 
Technology.’ 

Instrument-landing systems have been developed also 
by the National Bureau of Standards, the United States 
Army, Air-Track Manufacturing Corporation, Bendix 
Aviation Corporation, and other organizations. Only the 
so-called Indianapolis and micro-wave systems are dis- 
cussed here, however, a description of all the systems ob- 
viously being outside the scope of this article. 


mercial flights. 


ESSENTIALS OF ULTRAHIGH-FREQUENCY SYSTEMS 


To make an instrument or “blind” landing, an airplane 
pilot must be provided with lateral guidance, vertical 
guidance, and position “‘fixes.”” Lateral guidance is neces- 
sary to enable the plane to land in the middle of the run- 
way. Vertical guidance and position ‘‘fixes’’ combine to 
guide the plane to a landing point on the runway at 
the proper rate of descent, and to prevent overshooting 
or undershooting the runway. In the systems described 
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Development of equipment for instrument landing 
of aircraft, popularly known as “blind” landing, 
has progressed to the point where ultrahigh-fre- 
quency radio landing equipment is to be installed 
at ten important air terminals throughout the 
United States by the Civil Aeronautics Adminis- 
tration. An extended period of service testing 
and pilot training will follow, and still further 
development is expected before such equipment 
is ready for use in regularly scheduled com- 
Experiments also have been 
made with a so-called micro-wave system using 
yet higher frequencies. The features of both sys- 
tems are outlined briefly in this article, and three 
types of indicating instruments are described. 


Instrument Landing of Atrcraft 


in this article, four separate 
radio transmitters are required 
to provide this information: 
one for lateral guidance which 
produces the so-called localizer 
beam; one for vertical guid- 
ance which establishes the so- 
called glide path; and two 
for position fixes which provide 
vertical ‘‘marker beacons’, 
one at the airport boundary 
and one about two miles from 
the boundary on the approach 
side. Special antenna arrays 
have been devised to produce 
beams having the desired 
characteristics. A complete 
set of four transmitters is required for each landing direc- 
tion, except where the equipment is portable and can be 
shifted from runway to runway. 

On the airplane, three separate radio receivers are used, 
one to receive the localizer beam, one the glide-path beam, 
and one the marker-beacon signals. Signals from all 
three transmitters are translated into appropriate impulses 
and applied to suitable instruments which provide the 
pilot with the necessary landing information. The pro- 
cedure in making a typical instrument landing is outlined 
in figure 1. 

Principal features of the Indianapolis and micro-wave 
systems are outlined briefly in succeeding portions of this 
article. Instruments developed for use with these systems 
also are described, as well as an instrument known as the 
“Flightray’”’ developed by the Sperry Gyroscope Com- 


pany.’ 
EQUIPMENT ON GROUND— INDIANAPOLIS SYSTEM 


Four complete groups of transmitters have been in- 
stalled at the Indianapolis airport, permitting instrument 
landings in any one of four directions (figure 2). All trans- 
mitters are connected to a monitor and control desk in the 
airport control tower by telephone lines so that the four 
transmitters for any of the landing directions can be 
turned on as required to meet local wind conditions. 
Calibrated instruments and signal lamps give qualitative 
and quantitative indications from the various transmitters. 
If the output of any transmitter should fall below a pre- 
determined level, visual and aural alarms will indicate the 
trouble. Alarms also will operate if the runway localizer 
course should shift sufficiently to cause an airplane follow- 
ing the course to land off the runway. The Indianapolis 


Much of the text and most of the illustrations in this article were drawn from 
two AIEE papers listed as references 1 and 2 at the end of this article and the 
Institute of the Aeronautical Sciences paper listed as reference 3. Special ac- 
knowledgment is made to P. D. McKeel, acting chief, radio development section, 
technical development division, Civil Aeronautics Administration, who sup- 
plied the diagram forming the basis of figure 1, together with the associated 
explanation. 


1. For all numbered references see list at end of article. 
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equipment was developed and installed by the Interna- 
tional Telephone Development Company. 

Localizer Installation. Equipment for producing the 
localizer beam consists of a transmitter, antennas, modula- 
tor, and associated equipment, all housed in a wooden 
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crystal-controlled oscillator followed by three frequency- 


OUTER MARKER 
BEACON 


INNER MARKER 
BEACON 


1500’ 


_—_ —> —— 
1500’ 


SLIDE ba 


SCALE — MILES 


PROFILE OF GLIDE PATH 


~ LOCALIZER 
LAYM RUNWAY | TRANSMITTER 


1150 


Figure 1. Diagrams showing how a typical instrument landing is made 


The manner in which an instrument landing 
system operates can be illustrated by outlining 
the various steps required in making a typical 
landing. Suppose an airplane is approaching 
the airport at an altitude of 1,500 feet above 
the field from the left. Before beginning the 
descent, the pilot must maneuver his plane into 
proper position to intercept the glide path at 
the proper point and in the proper direction; 
then, by means of the information furnished by 
instruments on the airplane (see figure 13), 
this invisible pathway, produced by the elec- 
tromagnetic fields radiated from the localizer 
and glide-path transmitters at the airport, 
guides the pilot to a safe landing on the air- 
port runway. 

After passing through the cone of silence 
or marker beacon at A, the pilot follows a 
course directly toward the airport. As the 
ship intercepts the field of the inner marker 
beacon at B, the pilot will observe audible 
and visual signals which continue to C. As 
the pilot proceeds along this course, the land- 
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ing instrument will indicate that his ship is 
definitely in the ‘“‘red” area of the localizer 
field. A definite and known time is required 
to fly this distance. Almost immediately after 
the inner marker beacon is passed, the instru- 
ment will indicate that the localizer course 
has been crossed (D). At this point, a 
“procedure’’ turn to the right is made, con- 
tinuing until the plane again crosses the 
localizer course at E. The pilot then swings 
the ship into the localizer course and soon 
intercepts the field of the outer marker beacon 
at F; as with the inner marker beacon, visual 
and audible signals indicate when the ship 
has reached this point and continue to G. 
Tones of different pitch and visual signals of 
different color are used for the two marker 
beacons. From G, the pilot follows the 
localizer course for a distance of five miles, 
or to H, where the ship is swung left; a short 
flight in this direction is followed by a second 
“procedure” turn to the right, after which 
the localizer beam again is intercepted, at /. 


Instrument Landing of Aircraft 


The plane now is in proper position to begin 
the descent (see profile diagram). 

By keeping the plane on the course es- 
tablished by the localizer and glide-path 
beams, the pilot is able to bring the plane 
smoothly and safely to the airport runway. 
The beams radiated from the localizer and 
glide-path transmitters are received by the 
respective receivers on the airplane and are 
translated into visual indications that allow 
the pilot to follow the glide path with high 
accuracy. On the descent, the outer marker 
beacon signals again will be observed, be- 
tween J and K; the altitude of the plane here 
should be about 500 feet, and the duration 
of the signals approximately 8 seconds. At 
L, the inner marker beacon signals will be ob- 
served; here, if the plane is descending 
properly, the altitude should be 45 feet and 
the signals will continue for 11/2 seconds (to 
M). Contact with the airport runway is 
made within a short interval after passing the 
inner marker beacon. 
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Figure 2. Plan view of Indianapolis, Ind., airport showing location of runways 


and instrument landing equipment 


Figure 3 (right). Array of ultrahigh-frequency loop antennas used for the localizer 


beam at Indianapolis 


multiplier stages to produce the output operating fre- 
quency. The last two stages are push-pull amplifiers 
operating at output frequency. A regulator holds the 
supply voltage constant within plus or minus one per cent 
for all normal variations of line voltage. Special precau- 
tions are taken to insure reliable operation during cold 
weather. 

As few objects ordinarily found at an airport reflect 
horizontally polarized waves to the same extent that they 
reflect vertically polarized waves, the localizers are de- 
signed to radiate waves of the former type. To realize 
the advantages of horizontal polarization, a special an- 
tenna element was developed primarily for localizer use 
which radiates pure horizontally polarized waves in all 
directions. The field pattern in the horizontal plane is 
circular and in the vertical plane is figure-eight-shaped 
with zero radiation upward. Radiating systems with five 
antenna elements are used (figure 3), two of which are 
parasitically driven. The courses produced are entirely 
free of multiple courses and the bends in any of the courses 
do not exceed 0.15 degree, which is barely perceptible on 
the aircraft instrument. This antenna system produces 
two overlapping field patterns as shown in figure 4 which 
should give side indications of the guiding path that may 
be easily located at distances of 20 miles from the air- 
port boundary. The field on one side of the runway center 
line is modulated at a frequency of 90 cycles per second; 
on the other side at 150 cycles. A mechanical modulator 
is used because of its inherent stability and freedom from 
aging. The courses are straight and reliably stable, main- 
taining their alignment to within one-tenth degree under 
all normal weather conditions. 

Glide-Path Installation. The glide path is substantially 
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a straight line from an altitude of 1,500 feet at a distance of 
five miles from the airport to the airport boundary; 
from there the path is slightly parabolic in shape, intersect- 
ing the runway surface at an angle of approximately one 
degree. The path passes over the outer marker beacon, 
two miles from the airport boundary, at an altitude be- 
tween 500 and 700 feet. The method by which the con- 
stant-intensity glide path has been produced involves 
locating the antennas at a considerable distance to one side 
of the runway and forward along the runway so that the 
various points along the path appear in different directions 
as viewed from the antenna (figure 5). In this way, the 
angle subtended by the glide path, as viewed from the 
antenna, is opened so that it becomes possible by making 
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the antenna directive in the horizontal plane, to propor- 
tion the radiation along the extent of the glide path and 
control the height of the path at the various points. 

The glide-path antenna system consists of two pairs of 
ultrahigh-frequency loops placed approximately 70 feet 
apart, fed in the proper phase and amplitude to produce 
the required pattern. The pair of antennas next to the 
glide-path-transmitter house, together with their reflecting 
screen, are shown in figure 6. 

The glide-path transmitter is identical in construction 
and size with the localizer transmitter except that it oper- 
ates on a frequency of 93.9 megacycles. The output is 
modulated at a frequency of 60 cycles per second, this 
modulation being accomplished by applying 60-cycle plate 
voltage to the two tubes in the output stage. 

Marker-Beacon Installations. Five-watt 75-megacycle 
transmitters produce the marker beacons. Each trans- 
mitter and its associated equipment is housed in a small 
waterproof aluminum enclosure situated alongside of a 
wire-screen counterpoise 20 feet square over the center of 
which are two half-wave radiators mounted end to end. 
The radio-frequency carrier in the outer marker transmit- 
ter is modulated at a frequency of 400 cycles per second 
keyed so as to produce equal-length pulses at the rate of 
two per second. The inner-marker carrier is modulated 
at 1,300 cycles and keyed so as to produce equal-length 
pulses at the rate of six per second. 

The marker installations are oriented so that the end- 
on radiators are parallel to the center line of the runway. 
In this way the major axis of the elliptically shaped pattern 
in the horizontal plane is at right angles to, and situated 
over, the runway center line. 


EQUIPMENT ON GROUND—MICRO-WAVE SYSTEM 


In general, the micro-wave system is similar to the 
Indianapolis system, except that the operating frequencies 
are in the neighborhood of 750 megacycles instead of 100 
megacycles as at Indianapolis. Each system, of course, 
utilizes the best and latest techniques available for use 
with their respective frequencies. Experimental work 
with this system has been carried out by Massachusetts 
Institute of Technology under the sponsorship of the 
Civil Aeronautics Authority.2, The experimental ap- 
paratus was designed to demonstrate feasibility only, but 
commercial embodiment of the results is now believed to 
be within reach of the industry. 

The system in its present form uses frequencies of the 
order of 700 megacycles for both localizer and glide-path 
beams, although a localizer operating at approximately 
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Figure 5. Location of glide-path transmitter and antenna at 
Indianapolis with respect to runway 
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Figure 6. Glide-path transmitter house and antenna array at 
Indianapolis 


400 kilocycles was used in some of the earlier tests con- 
ducted by M.I.T. 

For most of the experimental investigations simple low- 
powered oscillators were employed as sources, using a feed- 
back circuit with short sections of coaxial transmission 
line as circuit elements. These oscillators operated at 
wave lengths ranging from several meters down:to the 
limit of oscillation of the tube used (about 40 centimeters) 
delivering about five watts at 50 centimeters and about 
one watt at 42 centimeters. 

A comparative investigation was made of various types 
of antennas, parabolic reflectors, and horn radiators. On 
the basis of the results the horn type of radiator was se- 
lected because it was simpler to adjust, freer from spurious 
radiation from feed wires, and had inherently a better 
radiation pattern than was obtainable from the other 
devices examined. Like the lower-frequency system, 
horizontally polarized waves were found to have more uni- 
form behavior with changing ground conditions than 
vertically polarized waves. 

Making use of a theory of design evolved in a separate 
research program* a horn was constructed specifically 
for the production of a landing beam. The body of the 
horn was made of three-eighth-inch bakelite-bonded ply- 
wood and was lined inside with thin copper foil. Figure 7 
shows the completed horn. It is about 26 feet long by 10 
feet high by 2.5 feet wide (at the mouth) and has an angle 
of flare of 20 degrees in the direction of height. At a wave 
length of 50 centimeters this corresponds to a height of 6 
wave lengths and a width of 1.5 wave lengths. The exciting 
antenna is a straight wire about one-quarter wave length 
long placed in the throat. Figure 8 shows measured radia- 
tion patterns of this horn in the vertical and horizontal 
planes under substantially free-space conditions. The 
vertical pattern is notably free from secondary lobes. 
The horizontal pattern has been made sharp, and the 
secondary lobes have been tolerated for sake of power 
gain. The preferred pattern in this plane, were less power 
gain satisfactory, would have a single broad lobe. A beam 


of this character could be obtained by reducing the width 
of the horn. 
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Figure 7. Electromagnetic horn radiator used in the micro- 
wave tests 


On the basis of preliminary tests, two horns of the type 
shown in figure 7 were set up with the lower edges of the 
mouths touching the ground; the angle of elevation of one 
was five degrees and of the other ten degrees. When trans- 
mitting with equal strength, these two horns yield a glide- 
path angle of about six degrees; a smaller angle is obtained 
by reducing the power output or modulation of the lower 
horn. 

In the tests separate transmitters operating at slightly 
different carrier frequencies and modulated at 90 and 150 
cycles per second, respectively, were used to excite the two 
horns, in order to avoid space interference of the carriers 
and to obviate any difficulty of cross modulation. Subse- 
quent investigation has established a method by which a 
single source is used successfully. The use of separate 
oscillators is open to objection principally because it 
doubles the transmitting apparatus. 

Flight tests made during September 1939 established 
the straightness of the micro-wave path over its entire 
length. A straight-line landing path at an angle of about 
three degrees with the ground was flown consistently over 
a distance of somewhat more than five miles. Using a 
transmitter having an estimated power output of 50 watts 
which was supplied to one horn, flight tests demonstrated 
that extremely strong signals were received at a distance of 
25 miles and an altitude of 2,500 feet. This performance 
indicates that usable landing signals may be obtained at 
distances of the order of 50 to 75 miles. 


EQUIPMENT ON AIRPLANE—INDIANAPOLIS SYSTEM 


As indicated previously, the equipment on the airplane 
consists essentially of suitable apparatus to receive the 
three types of signals transmitted from the ground and to 
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translate them into such form as will give visual indica- 
tions to the pilot to direct him in making the landing. 
The equipment in most common use combines all three in- 
dications on the face of one instrument. The cross-pointer 
instrument was used in connection with the Indianapolis 
tests, and a cathode-ray type in the micro-wave tests. 

On the cross-pointer instrument (figure 9) the vertical 
needle is actuated by the signals received from the localizer 
transmitter and the horizontal needle by those from the 
glide-path transmitter. When the ship is on course the 
vertical needle is in the vertical position, right or left dis- 
placement indicating that the ship is off course laterally; 
similarly, the displacement of the horizontal needle above 
or below horizontal indicates that the ship is respectively 
below or above the glide-path beam. The indications of 
both needles are such that when the ship is off course 
either way it must be shifted in the direction of the needle 
deflection in order to bring it on course. 

Three indicator lights are operated from the output of 
the marker-beacon receiver. Two of these are used in 
instrument landing, one to indicate when the plane is over 
the outer marker and one when it is over the inner marker. 
The third light shows the pilot when the ship is over one 
of the fan markers located at important points along 
airways or over the towers of the radio range transmitting 
stations which are equipped with cone-of-silence markers 
(as at A in figure 1). The marker-beacon receiver is in 
continuous operation during the course of a flight, as it 
has other important uses in addition to its part in the 
instrument landing procedure. 

One antenna, of the horizontal ultrahigh-frequency loop 
type, receives both runway localizer and glide-path sig- 
nals. A horizontal dipole antenna mounted underneath 
the plane receives the marker-beacon signals. 


Figure 9. Cross-pointer instrument 
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Figure 10. Hypothetical arrangement of lights on landing 
field representing basis of micro-wave indicating instrument 


Both localizer and glide-path receivers are crystal-con- 
trolled fixed-frequency superheterodyne units. The lo- 
calizer receiver is equipped with automatic volume con- 
trol. To assure satisfactory operation under varying con- 
ditions, the glide-path receiver is provided with a voltage 
regulator, a ballast lamp, and temperature-sensitive ele- 
ments. 

The marker-beacon receiver also is a crystal-controlled 
fixed-frequency superheterodyne unit, and is arranged for 
both visual and aural indication of the signal being re- 
ceived. Three filters in the receiver separate the 400- and 
1,300-cycle modulating tones of the instrument landing 
system, and the 3,000-cycle tone of the fan and cone-of- 
silence markers. 


EQUIPMENT ON AIRPLANE—MICRO-WAVE SYSTEM 


In developing a suitable instrument for the micro-wave 
system to be installed on the airplane, the problem was 
considered as illustrated in figure 10. If under conditions 
of no visibility it were possible to present to the pilot the 
same information that he would obtain were he to land on 
a clear night by means of three lights arranged on the land- 
ing field as shown, then a serviceable instrument landing 
system could be realized. These lights would indicate to 
the pilot in a simple, natural, and continuous manner not 
only the location but also the attitude and heading of his 
ship. 
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Figure 11. Block 
diagram showing 
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bining indications 
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This conception of the problem is due to Doctor Irving 
Metcalf of the Civil Aeronautics Authority, and is re- 
sponsible in part for the undertaking of the micro-wave 
instrument-landing research by M.I.T., in that it demands 
much greater precision in the location of an approach path 
than appeared possible with the then-existing glide-path 
systems. , 

To visualize the problem in greater detail imagine that 
the three lights are seen through a transparent screen in 
front of the pilot. Assume that the screen has vertical 
and horizontal crosshairs intersecting at its center. 
When the airplane is in the proper orientation for land- 
ing, and is on the reference landing path defined by the 
three lights as shown, the pilot sees these lights equally 
spaced along the horizontal crosshair, the center light 
coinciding with the center of the screen. Any departure 
of the lights from this pattern on the screen indicates a 
corresponding departure of the airplane from the proper 
location or orientation. 

In the simplest interpretation, the location of the light 
group indicates orientation and the relative configuration 
of the lights as a group indicates location. Thus turning 
of the airplane to the right or left moves the lights as a 
group left or right respectively; moving to the right or 
left of the reference landing path moves the image of the 
center light nearer to the image of the right- or left-hand 
light, respectively. 

In the instrument developed, the cathode-ray tube is 
used to provide the indications. Information regarding 
orientation is derived from gyroscopic instruments on the 
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Figure 12. Face of Flightray instrument showing the various 
indications 
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Figure 13. Typical indications on the 
three types of instruments described 
_ Separate signal lights associated with the cross- 
— pointer and micro-wave instruments indicate 


when the outer and inner marker beacons are 
passed 


Left: Pilot is starting an instrument landing; ship 
below and to left of glide path 


Center: Ship off path to right and beginning 
to descend; also passing outer marker beacon 


Right: Ship on glide path and passing inner 
marker beacon; has but about one-half mile to 
airport runway 


airplane; information regarding loca- 
tion is derived from the radio beams 
transmitted from the ground. The 
various indications are combined as 
shown in figure 11, and through a 
mechanical commutating device are 
impressed in rapid succession on the 
deflecting plates of a single-gun cath- 
ode-ray tube so as to give the visual 
appearance of a stationary pattern on 
the screen of the tube. 

To obtain suitable indications from 
the gyroscopic instruments required 
the development of a simple electrical 
takeoff. Voltages thus obtained from 
the gyro instruments are sufficient 
to deflect the spots on the cathode- 
ray tube directly, and therefore ampli- 
fiers are not necessary. 

The ultrahigh frequencies used ne- 
cessitated the development of special 
equipment to receive the glide-path 
signals on the airplane. The received 
signal goes directly into a converter 
which mixes the signal with the third 
harmonic of the local 230-megacycle 
oscillator, producing a 10-megacycle 
beat-frequency signal. The beat 
frequency is fed to the _inter- 
mediate-frequency amplifier where 
it is amplified with no greater difficulty than any 
other 10-megacycle signal. In the tests, an elaborate 
audio-frequency amplifier followed the superheterodyne 
receiver proper, incorporating four stages of resistance- 
coupled amplification with automatic volume control, a 
separating filter for 90 and 150 cycles per second, and 
separate one-stage amplifiers following the filter. The 
output of this audio unit is fed to the adapter unit of the 
cathode-ray indicator. 

A control is provided to allow adjustment of the rela- 
tive gain of the two audio channels. The setting of this 
control determines the angle of the glide path with respect 
to the ground, and the control may be set so that the 
approach-path angle is correct for a given type of airplane. 
This arrangement does not require a readjustment of the 
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ground station to set the glide angle. The antenna is of 
the coaxial type, connected to the receiver by a one- 
quarter-inch copper coaxial line. 

The cathode-ray indicating instrument also is useful 
during flight, the runway localizer signals simply being 
replaced by radio-beacon signals. It can be applied 
also to other landing systems; likewise, the micro-wave 
glide-path and localizer equipment can be used with other 
indicators, such as the conventional cross-pointer instru- 
ment. 


THE FLIGHTRAY 


Another cathode-ray instrument, developed by the 
Sperry Gyroscope Company for both instrument flight 
and landing, is known as the Flightray? (figure 12). When 
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used in making instrument landings, the localizer landing 
beam is arranged to control the horizontal position of 
the landing-path circle and the glide-path beam the vertical 
position. In flight, the horizontal position of the circle is 
controlled by the flight-course radio beacon, and the verti- 
cal position by a barometric altimeter. In either event, 
the ship is on course when this circle rings the fuselage of 
the miniature airplane outline in the center of the screen. 

Attitude information is obtained from the gyroscopic 
instruments by means of simple electromagnetic pickups. 
As a knowledge of speed is important in making an instru- 
ment landing, an indication of the plane’s speed also is 
provided, by a short horizontal line, the position of which 
varies vertically between two limit marks on the screen. 
When this horizontal line approaches the low-speed mark, 
the pilot knows that his ship is approaching its stalling 
speed. 

The position of the miniature airplane outline painted 
on the screen of the cathode-ray tube indicates the posi- 
tion of the plane with respect to each of the four indica- 
tions. When the plane is off course in any direction, it 
need only be flown toward the particular pattern to bring 
it back on course. Signal lights above the cathode- 
ray tube indicate when the ship passes over the outer and 
inner markers, one indicator for each marker. 

As there are four separate indications on the face of 
the cathode-ray tube, switching is necessary, as with the 
instrument used in the micro-wave tests. To accomplish 
this, the various amplifiers associated with each instru- 
ment pickup are sequentially made operative by means of 
a commutator which applies suitable control voltages to 
each amplifier in turn. As with the micro-wave system, 
commutation takes place at a rate well above the per- 
sistence of human vision, with the result that although 
only one line is shown at a time the composite pattern is 
entirely free from flicker. 
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Capacitors on a Growing System 


iliac capacitor is a very useful addition to the group of 

equipments and materials used on an electric distribu- 
tion system. Its greatest value is that it increases the 
capacity of circuits carrying reactive load currents. A 
complete study of the optimum balance between capacitors 
and new circuit capacity also involves a study of saving in 


“Conclusion” of the first James H. McGraw Prize Paper for 1940 of the Edison 
Electric Institute, ““Basis for a Program of Capacitor Additions on a Growing 
Distribution System,” by V. G. Rettig (A’32), and published in the EEI Bulletin, 
August 1940, pages 387-94. 
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copper losses, improvement in voltage, which may or may 
not increase revenue, and a consideration of such factors as 
new emergency tie capacity that may be provided by a 
new circuit. 

The increase in circuit capacity on any part of a power 
system resulting from capacitors, should not be valued as 
new capacity unless it will be necessary within a period of 
several years. There should be some tangible saving or 
postponement of investment for some definite period of 
time in any part of the system where increase in capacity 
is valued as such. Unless this is true, the saving in copper 
losses and any desirable voltage improvement are the only 
immediate benefits. 

When evaluating saving in losses in the parts of the sys- 
tem where the increase in capacity is evaluated, the saving 
in losses from circuit additions should also be taken into 
account. When put on the basis of equal increases in 
circuit capacity, the increase obtained with a new circuit 
will save 50 to 60 per cent as much of the losses as that ob- 
tained with capacitors. For capacitors connected to a 
circuit at all times, the saving in losses may be readily 
estimated from a group of curves without knowing the 
original losses. The only characteristics of the load that 
need be known are the reactive kilovolt-ampere-hours sup- 
plied by a circuit and the approximate distribution of the 
reactive kilovolt-ampere load along that circuit. The 
saving in losses in a feeder main from three equal capacitor 
units will be within a few per cent of the saving when ca- 
pacitors of the same total rating are distributed along the 
feeder main in the same way as the reactive load. 

The possible increase in revenue will be small on a well- 
regulated system. In those extreme cases where the feeder 
is so long that regulators cannot maintain acceptable volt- 
age at all points, the increase in voltage to make it satis- 
factory will be more important than the increase in reve- 
nue. Unless some special provision is made for control, 
a static capacitor has an effect on voltage at any point 
similar to that of a fixed booster. The fixed boost can 
usually be obtained with a fixed booster at a much lower 
cost. Capacitors, however, may be installed in preference 
to other system additions because they serve several func- 
tions whereas the alternative circuit additions serve only 
one purpose. 

A study of some typical areas and loads indicates that 
the improvement of power factor with fixed capacitors on 
four-kilovolt feeders, to an ultimate value of 85 to 95 
per cent will be justified. The higher power factor, in 
general, will apply to outlying residential areas, and the 
lower power factor, in general, to areas that are predomi- 
nantly industrial. 

On a large power system for the immediate correction 
of power factor to these limits in most cases would require 
a major investment which would not yield an immediate 
return. If capacitors are added to the power system as 
load in certain areas makes an increase of capacity neces- 
sary, they provide an effective means of adding capacity 
in small increments. These units will then be paying 
their way at all times until the optimum economic balance 


between investment in capacitors and other equipment is 
reached. 
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HE 1940 edition of the 
TT sesona Electrical Code, 

approved August 7 as 
an American Standard, is 
now being distributed; the 
indicated effective date is 
November 1. The publisher, 
the National Board of Fire 
Underwriters, expects a de- 
mand for over 300,000 copies, 
making this edition the “‘best seller’ of the whole series of 
21 editions beginning with the original 1897 text. 

Recently it was claimed that in more than 650 political 
jurisdictions, state laws or municipal ordinances currently 
in force specify that wiring of premises for light, heat, and 
power must be installed according to the Code. In many 
other jurisdictions the Code is the basic text for local 
wiring regulations. 

No important change was made in the editorial plan of 
the Code first used in the preceding (1937) edition; the 
chapter and article arrangement of that edition is contin- 
ued except that the contents of chapters 9 and 10 have been 
transposed, the latter now containing tables and diagrams, 
and chapter 9 containing the few construction rules, so- 
called, thus far adopted. 

A detailed analysis, listing all changes from the text of 
the 1937 edition, has been prepared by and can be obtained 
from the National Electrical Manufacturers Association 
(155 East 44th Street, New York, N. Y.). Many of the 
changes do not greatly modify the substance of the pre- 
vious Code provisions. Quite a number of the changes 
are only to improve cross references. 

Nevertheless, there are certain important changes of 
significance to those who supply, install, and employ elec- 
tricity and utilization equipment. This brief article dis- 
cusses some of these changes in the order of their appear- 
ance in the 1940 Code and without attempting evaluation 
of technical or economic importance. 

The statement of the scope of the Code now excludes 
railways, as well as other utilities, so that the Code is not 
to be applied to electrical installations in railway property 
that are for facilities and purposes peculiar to the exercise 
of the utility function of the railway. 

Several new definitions and changes in former ones add 
to clarity in applying some of the rules. It is the intent 
otherwise to employ the ‘‘Standard Electrical Definitions” 
and to have them apply throughout. 

Details given in article 110, section 1111, as to working 


ALVAH SMALL is president, Underwriters Laboratories, Inc., Chicago, TL Presi- 
dent, National Fire Protection Association; and chairman, electrical committee, 
NFPA. 

*Copies of the 1940 edition of the National Electrical Code (ASA designation 
No. C1-1940) are available at five cents each from the American Standards 
Association, 29 West 39th St., New York, N. Y. 
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Revised tabulations of allowable current-carrying 
capacities of conductors are among the many 
significant changes in the new 1940 edition of 
the National Electrical Code.* In this especially 
prepared statement, the chairman of the com- 
mittee responsible for compiling the Code dis- 
cusses these and other significant changes em- 
bodied in the new edition. 
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space about low-voltage equip- 
ment, indicate clearly that 
the Code deals also with the 
personal-injury hazard and 
not with the fire hazard only. 
In general, the intent was 
to have all the personal-in- 
jury safeguardingrequirements 
of the National Electrical 
Safety Code for utilization wir- 
ing and equipment appear also in this edition of the Na- 
tional Electrical Code. 

New section 1116 records another step in recognizing 
the use of mechanical devices, in lieu of or in addition to 
soldering, as a standard method for making conductor 
joints, taps, and terminals. 

A number of changes in article 210, while adopted to 
secure safeguarding of a fire or casualty hazard, neverthe- 
less, will bear importantly on the matter of adequacy of 
the installation as a whole. The Code proceeds conserva- 
tively in applying the police power in providing for ade- 
quacy for future uses of electricity. 

In article 240 “Overcurrent Protection,” paragraphs 
2451-3 forecast general use by November 1, 1941, of a 
tamper-resisting, so-called type S, plug fuse, the products 
of all makers to be interchangeable. 

Article 300 of chapter 3, ‘““Wiring Methods and Mate- 
rials,’ and related texts and tables in chapters 9 and 10, 
recognize three grades of rubber insulation for conductors 
of feeder and branch circuits. The classification is accord- 
ing to the operating temperature of the conductors. So- 
called code-grade rubber insulation (type R) is not to be 
employed where subject to temperatures higher than 50 
degrees centigrade. This is the ambient-temperature 
limit specified in previous editions for whatever grade of 
rubber insulation was employed. The two new grades of 
rubber, types RP and RH, may be used with conductor 
operating temperatures of 60 and 75 degrees centigrade, 
respectively. They correspond generally to the perform- 
ance and heat-resistant grades of rubber insulation that 
have been promoted for some years, but without Code 
recognition of their special properties. 


CURRENT-CARRYING CAPACITIES 


The familiar table 1, ‘‘Allowable Current-Carrying 
Capacities of Conductors,” of previous editions of the 
Code is dropped. New tables 1 and 2 list current values 
for various sizes of conductors with these three grades of 
rubber insulation and for five other recognized classes of 
conductor insulation that may be employed in one or sev- 
eral of the standard wiring methods. Table 1 applies 
for three conductors in a raceway with two correction 
factors to be applied when a raceway contains up to six 
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ot up to nine conductors, respectively. Table 2 applies 
to single conductors in free air. Both tables assume a 
room temperature of 30 degrees centigrade and correction 
factors are given for higher room temperatures, up to 140 
degrees centigrade when asbestos is the principal compo- 
nent of the insulation. 

This recognition of new grades of rubber insulation and 
the revised allowable current-carrying capacities of con- 
ductors are the products of investigations made under the 
auspices of a technical committee of the rubber building 
wire group of National Electrical Manufacturers Associa- 
tion, the initial and basic report of which is an AIEE 
paper by S. J. Rosch (AIEE Transactions, volume 57, 
1938, pages 155-67). 

A notable change is the reduced allowable current- 
carrying capacities for conductors with code-grade rubber 
insulation and larger than 1,000,000 circular mils “‘in free 
air” and larger than number 8 AWG in raceways. These 
reductions contemplate ‘‘continuous”’ loads of the named 
values, a condition much more probable in modern wiring 
practice than was presumed with old table 1, whatever 
wiring method was employed. 

The new tables 1 and 2, as was the case with former 
table 1, takes no account of voltage drop. Obviously, 
those laying out wiring systems must allow for it, espe- 
cially when the calculated current loads on conductors 
produce operating temperatures approaching the per- 
mitted limits. 


THIN-INSULATED GONDUCTORS FOR REWIRING 


Present-day trends for improved illumination, espe- 
cially in industrial and commercial occupancies, and the 
prohibitive cost of rewiring in some existing premises are 
recognized in paragraph (e) of section 3005 which allows: 
“Where in rewiring for increased load, space is not available 
in raceways” for conductors having standard thicknesses of 
insulation ‘‘and it is impracticable to increase the size of 
the raceway due to structural conditions,” thin-insulated 
conductors with rubber insulation of the performance 
(type RPT) or the heat-resistant (type RHT) grades may 
be used; these insulations may be 1/32 inch instead of 3/64 
inch in thickness for numbers 14 to 10 wire, inclusive—a 
reduction of 33 per cent. In addition, for the same small 
conductor sizes, the latex type of rubber insulation (type 
RU) that is not less than 0.018 inch thick may be used. 
This type of insulation is accepted for conductor operat- 
ing temperatures not exceeding 60 degrees centigrade. 

For these special conditions, paragraph (e) of section 
3005 also recognizes conductors having ‘‘a flame-retardant, 
moisture-resistant approved solid synthetic insulation 
(type SN)” with a temperature limitation of 60 degrees 
centigrade in numbers 14 to 4/0, with an insulation 
thickness as shown in table in section 93001, no outer 
fibrous covering being required. The insulation thick- 
nesses called for in this table are: 


Conductor size (AWG number)....14-10... 8 ...6-2.. 1-4/0 
Insulation thickness (inch)....... 2/64. . .3/64. . 4/64... 5/64 


Except for numbers 6-2 these values are, in each case, 
1/32 inch less (on the radius) than for rubber insulation on 
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types R, RP, and RH wires. The omission of the fibrous 
covering further reduces the over-all diameter and cross- 
section area for a given size of conductor. 

Another change provides recognition in numbers 14-8, 
inclusive, of conductors having the heat-resistant grade 
of rubber insulation (type RHT) 1/64 inch less (on the ra- 
dius) in thickness than for types R, RP, or RH insulations 
and for general use wherever wires of these types are ac- 
ceptable. 

The foregoing changes recognizing new grades and re- 
duced thickness of rubber insulation explains the require- 
ment in paragraph (f) of section 3005 that “all rubber- 
covered conductors shall have a readily identifiable per- 
manent marking to indicate the type of insulation.” 

Other articles in chapter 3 apply to specific methods of 
wiring. Former articles 326, ‘Surface Wooden Race- 
ways,”’ and 330, ‘“‘Cast-in-Place Raceways,”’ have been 
dropped. A new wiring method utilizing the hollow 
spaces in cellular steel floor construction is covered by the 
ten paragraphs of new article 356. 

From 1897 to 1911 inclusive the National Electrical 
Code was produced under the auspices of the Underwriters 
National Electric Association. The 1913 and all subse- 
quent editions have been sponsored by the National Fire 
Protection Association, which took over when the original 
sponsor was dissolved. The actual work of considering 
proposals for changes in the Code is in charge of the elec- 
trical committee, one of more than 40 technical committees 
of the NFPA. Beginning with the 1925 edition, the elec- 
trical committee has been so organized as to qualify as a 
sectional committee of the American Standards Associa- 
tion. Most editions of the National Electrical Code, be- 
ginning with that of 1920, have been approved American 
Standards. 

From its large and varied membership, the National 
Fire Protection Association appoints members and alter- 
nates for service on the electrical committee representative 
of a cross section of the electrical industry concerned with 
its provisions. Over 100 such delegates were in attendance 
at the session in December 1939 when five morning and 
afternoon and three evening meetings were required to 
consider and act upon reports from over 60 subcommittees. 

During May 1940, the committee’s report was accepted 
by the National Fire Protection Association, which for- 
mally adopted the text of the 1940 edition of the Code as 
an Association Standard. This Standard was approved 
August 7 as an American Standard. 


AIEE PARTICIPATION 


The American Institute of Electrical Engineers has par- 
ticipated in the compilation of the Code with membership 
in the electrical committee since the National Fire Pro- 
tection Association became the sponsor in 1913, and was 
previously a member of the so-called conference which 
reviewed the editions published by the Underwriters’ Na- 
tional Electric Association. Members F. V. Magalhaes 
and H. S. Warren take important and constructive parts 
in the electrical-committee proceedings as AIEE repre- 
sentatives. In addition, many other members of the 
committee are AIEE members. 
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Nomography for the Electrical Engineer 


GUIDO E. FERRARA 


ENROLLED STUDENT AIEE 


An outline of basic principles underlying nomographic charts, supplemented 
by examples illustrating their application to electrical-engineering problems 


lation done by the engineer, designer, and 

student, consists of the repeated application of 
a certain number of formulas satisfying different condi- 
tions. When the number of variables entering into the 
calculation is large, or when the variables are raised to 
fractional powers, the difficulties and time involved may 
become very great. This process of repeated substitution 
can be greatly simplified by the use of nomographic 
charts. 

A nomographic chart is the representation of an equa- 
tion or formula in such a 
way as to provide a 
simple solution by simple 
mechanical means. Few 
books have been written 
on the subject, and ar- 
ticles appearing in tech- 
nical publications have 
been restricted more or 
less to the presentation 
of just one particular 
formula. The fact is 
that the science of no- 
mography is rather new—d’Ocagne (1884) gave it its 
name and developed the process of collinear points. 

The utility and convenience of nomographic charts is 
obvious from the following brief summary of their princi- 
pal advantages: 


Avitiicon one t large amount of the work of calcu- 


Figure 1 


1. The number and variety of problems to which they can be ap- 
plied is quite large. 

2. There is no difficulty when the number of variables is large, or 
when the variables are raised to fractional powers. 


3. Once the chart for any particular problem has been prepared, 
chances for errors are minimized. 


4. The charts are simple and certain in use, so that calculations 
can be left to the care of unskilled subordinates. 


PRELIMINARY THEORY 


The mathematical foundation of nomography rests on 
the elementary theory of the third-order determinants. 
In the study of analytic geometry, a geometrical meaning 
was given to a third-order determinant. In figure NG Aut 


Essential substance of a paper presented at a student session of the AIEE Great 
Lakes District meeting, Minneapolis, Minn., September 28-30, 1939. 
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line ZN intersects the three curves 1, 2, 3, at points whose 
co-ordinates are (X,Yi), (X2V2), (X3Y3). By similar tri- 


angles, 
Yo—-¥Y, Y3;-Y, 
ev SO ag (1) 
Or 
1yXe+ YoX 3+ V3X,— YoX1— Y¥3X2—V\X3=0 (2) 


But, from algebra, it can be shown that equation 2 is the 
expansion of the third-order determinant 


hem Aaa 
X, Y2 1/=0 (3) 
IX, Ys 1 


whence the theorem: If a third-order determinant has 
the value of 0 then the points (X, Vi), (X2VY2), (XsY3) are 
collinear. 

It is obvious then, that any equation which can be 
transformed into a form identical with equation 3 can be 
represented and solved by a nomographic chart. 


EXAMPLES 
Consider the equation 
2x=3y-+2 (4) 


which can be written as a third-order determinant thus: 


Zz Om 
y 1 Oj}=0 (5) 
24: 3 | 


This determinant is not in the form of equation 3. It can 
be transformed, though, if one remembers a few funda- 
mental theorems involving determinants, thus: 


Z Oo 1+0} /|0 z 1 
y 1 0+1/= y  ti=0 (6) 
lax 3 1+3| [8/4 x/2 1 


In this last form, the determinant is in nomographic-form 
arrangement. It can be seen that every set of values of z, 
y, and x satisfying equation 6 must have corresponding 
collinear points. Hence, the abscissa of z is 0, that of y is 
1, and that of x is 3/4. The corresponding ordinates are 
the values of z, y, and x. So if the graduations of z and y 
are the same, then those of x are 1/2. 

The nomograph corresponding to equation 6 is shown in 
figure 2. Any straight line drawn across the three scales 
intersects values of x, y, and z which satisfy the equation: 
Di oy aes 

The same theory can be applied to equations in which 
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Figure 2 (above). Nomograph for 
equation 2x=3y+z 


Figure 3 (right). Nomograph for 
equation W=I?R 


products or quotients are involved, 
for example, the familiar equation: 


W=L[R (7) 
This equation can be written also as: 
log W=2 log I+ log R (8) 


Equation 8 may be expanded into a third-order determi- 
nant thus: 


Teoeeiame One Li 
ogra! =0 
Log W 2 1 
or 
ogra Oma |e 0) Log R 1 
og ia! 
Wogeimeee. S HT Pe if (9) 
og W 
Log W 2 3) \2/3 1 


Instead of using the linear scale for the ordinates of the 
variables, now a logarithmic scale should be used. The 
resulting nomograph is shown in figure 3. 

Note that the graduations of J and R are three times as 
large as that of W. A little thought will show how to ar- 
range the expanded determinant so as to get W on a dif- 
ferent scale. 

As a further example, the nomograph for the equation 


Zia RI4X? (10) 


has been constructed. This equation is familiar to the 
electrical engineer, Z representing the impedance of the 
circuit, R the ohmic resistance, and X the effective re- 
actance. 

It can be expanded into a third-order determinant, and 
put into nomographic form thus: 


Rim ell Omer? ed 
X21 O/=|1 XxX? 1/=0 (11) 
Ay Sh aN) I YAS a 


In this case, the scale used on the ordinate of the vari- 
ables is a “‘square’’ scale, the first interval being 1, the sec- 
ond 4, the third 9, etc. 

‘The nomograph for equation 10 is shown in figure 4. 
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Figure 4. Nomograph for equation 
Z?=R?+X? 


The values of the abscissas for the three variables are given 
in equation 11. The scale of Z is in this case 1/2 that of 
X and R. 


N CHARTS, OR COMBINATION OF NOMOGRAPHS 
Consider the fundamental electric-motor equation 
(12) 


in which V,represents the terminal voltage, EH, the counter 
(or generated) electromotive force, and J/,R, the armature 
voltage drop. This is a combination of equations 4 and 7 
so that if we let 


V,=E,+1,R, 


Ea=1,R, (13) 
the resultant equation is: 
V,=E,+Ea (14) 


If we try to combine these two equations into a nomograph 
we can see at once that equation 13 yields results on a log 
scale while equation 14 yields results on a linear scale. 
Hence it is not advisable to construct a monograph for 
equation 13 by the method shown for equation 7. But equa- 
tion 13 can be written in a third-determinant form thus: 


in er ice ae ih a8) Reagent 
3 I Z 
0 I, 1=|0 —*— =) a) 1|=0 15 
—Ey 0 1 1+Ja 1+Iq v2 
—E, 0 1| 0 —Eq 1 


From the last determinant expression it can be seen 
that the abscissa of R, is 1; those of J, are I,/i+1,; and 
that of F, is 0. Also, the ordinate of I, is 0, which means 
that J, lies on the X axis. Notice that EF, is negative; 
therefore it is plotted in the opposite direction from that 
of R,. For sake of compactness we may plot the diagram 
on oblique axes with R, and £, in opposite directions, 
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Figure 5. Nomograph for equation V,=E,+1,R, 


and the zero points of R, and E, are joined by a diagonal. 
The graduations on this diagonal are projections of the 
abscissa X;,=J],/(1+J,) which are laid off on the hori- 
zontal. The two nomographs are combined as shown in 
figure 5. 


EQUATIONS WITH MORE THAN THREE VARIABLES 


The method used in the foregoing examples can be ap- 
plied to linear equations with more than three variables. 
Consider the equation of inductance L of a coil, given in 
terms of turns JN, core permeability u, area A, and length J: 


_ 4a N%uA 
10% ne) 
which can be written: 
Ar 
log L= log rs iis log N+ log u+ log A — log (17) 
Let 
4a 
log X = log ape t 2 log N+ log zu (18) 
and f 
log Y= log A— log / (19) 
Then: 
log L= log x+ log Y (20) 


If equation 18 is expanded as a determinant, we can con- 
struct a nomograph and determine X. If the same process 
is used on equation 19 the resultant will be Y. Now if X 
and Y are plotted in series as given by equation 20, the 
final solution of L is obtained. For equation 18 we ob- 


tain: 


4r 0 Log yp 1 

Log X — Log 55 if a oi 2 Log N ea 
2 Log N 1 o| |, eee CT a =) 
Log 01 /2 4/2 gs 4 109 
For equation 19 we obtain: 
Voge it)” 100 Log: A 1 
—Log/ 1 O=|1 —Log / 1)/=0 (22) 
|Log A @ Gul IER {YB tors ie al 
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Also for equation 20: 


Lori! 1) lO Bvorr 1 
Log X 1 Ol=/1 LogX 1/=0 (23) 
Comer 0 1) pte Log. 1 


The nomographs for X and Y are plotted separately, and 
from them the resultant combination for equation 23 is 
constructed. The complete chart is shown in figure 6. 
Note that the X and Y axes are not graduated because 
they serve solely for the purpose of reference. Note also 


es P1000 1000 
LOG]A- LOG | se 
80 800 900 
70 
(.) 
60 pe 800 
50 10 500 
700 
east 1400 
600 
30 300 
500 
20 200 
0.1 
400 
10 
Tf) 
0.01 2 
300 
bs 0.001 i 
200 
30 
0.0001 30 
40 
50 20 
60 0.0000! 
70 
80 2LOGN+LOGpL 
(1) 90 
100 0.00000! Ke) 100 
, : AnN®uA 
Figure 6. Nomograph for equation L= 10m 


that the constant log (47/10°) was taken care of on the X 
axis. In fact, it did disappear there because the X axis is 
not graduated. The reader can analyze the complete chart 
and discover for himself that the same process can be ap- 
plied to an equation involving any number of variables. 
In order to graduate the scale of L, the following scheme 
was used: When the inductance is 1 henry, the turns 
1,000, » 500, and area 10, then the length is 62.83. Con- 
nect N and yp, and also A and /—(I is 62.83). Now con- 
nect the point of intersection on X with the point of inter- 
section on Y, and where the line crosses the axis L mark 1 
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RyRy 
R,-+R, 


Figure 7. Nomograph for equation R= 


yy 


Figure 8. Nomograph for equation 
Raves 


eS 
R R, R; 


henry. Then the rest of the graduation can be completed 
above and below this point. 


CONCURRENT LINE CHARTS 


This type of chart is one of the most interesting, es- 


pecially for the undergraduate electrical engineer. It ap- 
plies to equations in the form: 

ato-= (24 
Ri R, R ) 


where RF is the effective resistance across R; and R, in 
parallel. Rewriting the equation as Ri\R+R,R=R,R, 
and expanding it into a determinant: 

im O al 


OQ ty al 
ie del 


0 Ry “il 
=IR, 0 1 
ReeeRe ol 


=0 


we see that F is at an angle of 45 degrees with Ry and Rj. 
By simple geometry, it can be proved that when the angle 
between R; and R is 120 degrees with R bisecting this 
angle, the units of each axis may be made the same. 
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Figure 9. Nomograph for equation 
VR 2+X,2 VR 2+X-2 


~ VR EEX 2+ VRE +X? 


Figure 7 shows the nomograph for two resistances in 
parallel. Figure 8 shows the same nomograph to be used 
when more than two resistances are in parallel. 

Figure 9 represents an interesting combination of par- 
allel-axes and concurrent-axes nomographs. The parallel- 
axes example of equation 10 was combined with the 
last method, so that one can solve for the impedances 
of each branch and obtain the value of the parallel combi- 
nation with just one mechanical operation. 


SUMMARY OF PROCEDURE 


The foregoing examples show that the whole theory of 
nomography is embraced in the basic theory of third-order 
determinants. In order to apply this theory to the prac- 
tical construction of nomographs,-the following require- 
ments should be satisfied: 

1. Reduce the equation of a number of variables into one of only 
3 variables. 
2. Express the equation as a third-order determinant. 


3. By proper manipulation arrange the determinant into another 
of nomographic form. 


4. Represent the determinant by means of abscissas and ordinates 
properly scaled. 

If the processes used in the foregoing examples are thor- 
oughly understood, they should be sufficient to cover many 
of the common formulas used by the electrical engineer. 
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-and South Carolina. 


stitute A cHivitieces 


A Wish For 


A Merry Ghristmascand 4 Happy New Year 


sé 
A Merry Christmas and a Happy New 
Year” is an old, old greeting but it is the 
very best wish your president can think of 
to send all Institute members as we ap- 
proach that part of the year so interwoven 
with sacred American tradition. Indeed he 
would like to show his appreciation of the 
effective work all of you are doing for the 
Institute and our national defense program 
by sending every member a greeting card 
voicing the above message, supplemented by 
words of appreciation not only for that work, 
but also for the many things done to make 
his term of office so interesting and enjoy- 
able. There are, however, so many of you 
(17,916) he must forego that desire and be 
content with the hope that every member 
will learn of his good intentions by reading 
this part of ELecrRicAL ENGINEERING. 
Participation in Institute conventions, 
District, Section, and Branch meetings is a 
pleasant presidential duty requiring much 
time and travel. Your president since 
August Ist has attended the Pacific Coast 
convention, the Middle Eastern District 
meeting at Cincinnati; visited ten Sections 
-and six Branches not in the Middle Eastern 
District; and has talked to an engineers’ 
club, the Pacific Coast Electrical Associa- 
tion, and several college faculties. The ten 
‘Sections visited were: Alabama, Denver, 
East Tennessee, Georgia, Iowa, Louisville, 
Los Angeles, Muscle Shoals, San Francisco, 
The Branches visited 
were those contiguous to the Sections noted. 


-Secretary Henline and the president together 


visited all the places east of the Mississippi 
River included in the tour. At all these 
places the entire program was provided by 
your secretary and president. 

Several outstanding impressions obtained 


-from these visits are matters probably of 
-{nterest for our members: 
_of Section membership in attendance at all 


The percentage 


meetings was high; also, many of the meet- 
ings were attended by nonelectrical engi- 
meers. Attendance at the meetings fre- 
quently required many miles of travel by a 
rather large percentage of the membership. 
The Branches visited indicated that our 
engineering colleges have enrolled a satis- 
factory number of very capable young men 
who are being well trained to perpetuate and 
enrich the electrical engineering profession 
and continue the work of the Institute. 
These young men are effectively and en- 
thusiastically conducting the work of the 
Branches. Indeed, the whole tour was an 
experience which I wish every Institute 
member could have, because he then would 
forever after be sufficiently enthusiastic 
about the work of the Institute to include in 
his activities a program of urging every elec- 
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trical engineer to be a member of the AIFF. 

In this connection, I am reminded of an 
experience a well-known engineer had when 
he was an engineering college senior. The 
president of his college gave a reception for 
all seniors, which several seniors, including 
the hero of this tale, failed to attend. Not 
only that, but, thinking he would not be 
missed, he neglected the courtesy of declin- 
ing the invitation because of a previous en- 
gagement. The president, to give a lesson 
to all the seniors who had absented them- 
selves from the reception without observing 
the formality of being excused, requested 
them to report at his office, where he listened 
to the excuses given and reprimanded them 
as his humor dictated. As the interview 
ended with the engineer about whom this 
statement is made, the president said: 
“Well, young man, you missed more than we 
did’’. 

And so it is when electrical engineers en- 
gaged in the profession of electrical engi- 
neering fail to become AIEE members—the 
AIEE misses them but their loss is greater 
than that of the Institute. 

We AIEE members should bear in mind 
that it is our duty to inform all electrical 
engineers, particularly the younger men, of 
the fact that in failing to accept the privilege 
of becoming members of the Institute, they 
are neglecting one excellent way of keeping 
abreast of the published advances in the 
profession, receiving the stimulus provided 
by a closer contact with men of outstanding 
achievement in the profession, and having 
the opportunity for discussing the technical 
papers published in ELECTRICAL ENGINEER- 
ING and the TRANSACTIONS. Indeed, as we 
older members survey the accomplishments 
and the personnel of our engineering profes- 
sion, we are impressed by the fact that those 
responsible for electrical engineering 
achievements are very largely Institute 
members. Also, nearly all the relatively 
small number of successful electrical engi- 
neers who are not members of the Institute 
were once members for a considerable time, 
particularly during the period when they 
were advancing to high engineering and 
executive positions. When men who have 
reached high positions in industry and who 
let their membership lapse are discovered, 
we should encourage them to renew it in 
order that they may help the Institute give 
its members the benefits they obtained be- 
fore they no longer felt the need of Institute 
membership. We also have observed that 
many of those who entered the engineering 
profession a score or more years ago and 
now have to their credit little professional 
engineering achievement are men who failed 
to appreciate the value of Institute member- 


Institute Activities 


ship and hence are not enrolled as members. 
It seems fairly logical, therefore, to con- 
clude that Institute membership has much 
to do with the attainment of professional 
success. 

Having given this boost for the member- 
ship committee, may we discuss some other 
observations made on the president’s initial 
tour of Sections. 

As your secretary and president traveled 
from city to city, through villages and farm- 
ing communities en route, we discussed with 
considerable pride the fact that every com- 
munity appeared to be well provided with 
electric power lines. Furthermore, the un- 
settled and rural areas between cities and 
towns everywhere were spanned by these 
power lines, showing that for the most part 
these communities are not dependent solely 
upon a local or single source of power, but 
that cities and towns and even rural districts 
are interconnected thus making available 
everywhere under all conditions a ready and 
dependable power supply. Some of these 
electric power networks covering large areas 
are owned and operated by a single com- 
pany. Others, while apparently unified 
physical networks, are made up in reality 
of several power systems joined by trans- 
mission lines, but each owned by independ- 
ent and separate corporations, which be- 
cause of the interconnections noted can sell 
to and buy from each other electric power 
according to need. Both plans appear to 
qualify alike in rendering reliable service to 
all who have need for electric power, be it the 
dweller of a small apartment using only a 
few lamps and a toaster, or an immense 
industry requiring thousands of kilowatts. 

As these things were contemplated and 
we discussed our freedom to roam without 
question from city to city and state to state, 
and compared our lot with the restricted 
life of our friends across the seas, we were 
prone to become sentimental and say: 
Blessed is America, where men, though too 
much restricted in business, are still free to 
come and go and think and vote as they 
please and where co-operative efforts, such 
as are indicated by long power lines inter- 
connecting power systems, may be carried 
on without international complications. 
Let us hope our situation in this respect will 
never change and that the present emer- 
gency conditions brought upon us by the 
actions of those in control of the affairs in 
other nations will soon be over. Let every 
member contemplate what engineering has 
done to make our standard of living what it 
is, and exert every effort to inform others 
that the true way to progress is through co- 
operation, which is the engineering way, 
rather than through narrow, nationalistic 
conquest, which is the emotional and un- 
scientific way. 

In the opening paragraph of this message, 
reference was made to the fact that Institute 
members are doing effective work in the 
national defense program. That statement 
was made because many engineers, particu- 
larly the younger ones, are frequently ask- 
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ing: ‘‘What can we do for national de- 
fense?”? Our answer is: ‘‘Engineers are al- 
ways developing and conducting national 
defense in the American way as they go 
about their regular daily occupations of pro- 
viding things which improve our standard 
of living. Even in the present high-pressure 
and critical times only a few of us are now 
needed at Washington or at other special 
places where engineering designs are being 
made and engineering plans carried out. 
Those places for the present are well filled 
by some of our able and specially qualified 
members. Washington is provided with a 
list of our members and is being kept in- 
formed through the Institute office in New 
York about the occupation, residence, and 
special. qualifications of our members. As 


need arises, the Institute will be requested 
to do any of the particular things needed in 
the defense program, some of which will be 
to recommend electrical engineers as needed. 
In the meantime, we can best serve by con- 
tinuing our daily engineering occupation, 
whether that be research, design, manufac- 
ture, construction, operation, or study in 
college. Indeed, it is the hope of your 
president that when the time for the 1941 
Christmas greeting arrives, much of the 
present furor will be over and the way will 
be clear for the free exchange of mutual 
greetings between all our members regard- 
less of residence or citizenship. And may 
God grant that each such message will not 
be satire if it reads: ‘‘Peace on Earth, 
Good Will Toward Men.” 


Philadelphia Offers Historic Shrines and 


Variety of Industries in Convention Inspection Trips 


Lxspection trips to many nationally 
known industries and famous historical 
shrines will be an atrractive feature avail- 
able to those who attend AIEE winter con- 
vention to be held in Philadelphia, Pa., 
January 27-31, 1941. Other features will 
be a technical program of some 20 sessions 
of diversified interest, technical conferences, 
the Edison Medal presentation, a dinner- 
dance, and the usual smoker. Details of 
the technical program and further informa- 
tion are scheduled for publication in the 
January issue. Headquarters for the con- 
vention will be the Bellevue-Stratford Hotel. 

Philadelphia has long been known as the 
“Workshop of the World,” and is said to 
produce a greater variety of manufactured 
articles than any other industrial center. 
Metropolitan Philadelphia is noted for the 
production of steam and hydraulic turbines, 
electric switchgear and instruments, radio 
and television sets, storage batteries, loco- 
motives, streamlined trains, ships, iron and 
steel, petroleum products, publishing, cigars 
and cigarettes, paper products, and textiles. 

Philadelphia is also rich in historical in- 
terest. Convention visitors can see Inde- 
pendence Hall, the Liberty Bell, Congress 


Hall, Carpenters’ Hall, the Betsy Ross 
House, Old Swedes Church, and other na- 
tional shrines. 


ADVANCE REGISTRATION REQUIRED 


Co-operation with the National Defense 
Commission will require advance registra- 
tion for inspection trips, many of which will 
be restricted to American citizens. About 
January 1 an inspection-trip registration 
card will be sent with other literature from 
AIEE headquarters, and must be returned 
promptly so that arrangements with the 
authorities can be completed. Instructions 
will accompany the registration cards. 


INSPECTION TRIPS 


Hestorical and Civic Tours. These tours 
cover the historical, business, and residen- 
tial sections of Philadelphia. Independence 
Hall, the Liberty Bell, the place of meeting 
of the first Supreme Court of the United 
States, the Betsy Ross House, and the spot 
where Benjamin Franklin flew his famous 
kite are among the points of interest which 
will be seen. Also, Fairmount Park, the 
University of Pennsylvania, and many other 
well-known landmarks will be visited. 


Some Features of 
Winter-Convention Inspection Trips 


This page: Independence Hall (above); the 
Liberty Bell housed in Independence Hall 
(lower right); the ‘‘flag room", where Betsy 
Ross was commissioned to make the first 
American flag (lower left) 


Facing page: Building streamlined trains at 
the E. G. Budd Manufacturing Company (1); 
the Franklin Institute (2); air view of the 
Philadelphia switchgear works of the General 
Electric Company (3); high-power test labora- 
tory of the I. T. E. Circuit Breaker Company 
(4); assembly-line production of radio receiv- 
ers at the Philco Radio and Television Corpo- 
ration (5); 50,000-kw topping turbine at the 
Schuykill station of the Philadelphia Electric 
Company (6); one of the newest locomotives 
operating on the electrified division of the 
Pennsylvania Railroad (7); turbine-electric 
tanker of the Atlantic Refining Company (8) 
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The Franklin Institute. Conceived and 
built as a lasting tribute to the memory of 
Benjamin Franklin, this unique scientific 
institution contains more than 4,000 action 
exhibits, most of which can be operated at 
the touch of a button. It has sections de- 
voted to electrical engineering, aviation, 
chemistry, physics, transportation, and 
applied science. Many of the principles of 
electrical and mechanical equipment are 
demonstrated by action models which con- 
vention visitors may operate, including a 
full-size 265-ton locomotive valued at 
$100,000. In the planetarium, the sun and 
moon, planets and stars perform for the 
visitor no matter what the hour, the season, 
or the weather. 

General Electric Company Switchgear 
Works. Visitors will see the latest develop- 
ments in the switchgear art, products rang- 
ing from the smallest protective devices to 
the largest circuit breakers. The itinerary 
through the plant has been arranged to em- 
phasize the results achieved by organized 
research co-ordinated with engineering, 
particularly with reference to oilless circuit 
breakers, high-speed protective relays oper- 
ating on one cycle or less, modern testing 
facilities for voltages up to 3,000,000, mod- 
ern safety types of vertical-lift metal-clad 
gear, and high-capacity station circuit- 
breaker equipment. At the conclusion of 
the shop trip, a technical demonstration 
and discussion of ‘‘Magne-blast”’ and air- 
blast circuit breakers will be given, supple- 
menting the papers presented at the con- 
vention. 

Westinghouse South Philadelphia Plant. 
Here turbines of all sizes, pumps, ejectors, 
high-speed forced-draft blowers, and light- 
ing sets are built. The testing laboratory 
contains equipment for experimental and 
development purposes, particularly those 
problems relating to thermodynamics, 
aerodynamics, and hydrodynamics and for 
long-time tests to determine the behavior of 
metals when exposed to high temperatures. 


Schuylkill Generating Station of Philadel- 
phia Electric Company houses a 50,000-kw 
hydrogen-cooled turbogenerator (topping 
unit) designed for 3,600 rpm, 1,250 pounds 
pressure, 900 degrees Fahrenheit total tem- 
perature, and exhausting against a back 
pressure of 250 pounds supplied from two 
600,000 pounds per hour pulverized-fuel- 
fired boilers. The switchhouse has recently 
been modernized and converted from a con- 
ventional double sectionalized bus installa- 
tion to a six-section ring bus arrangement 
with oilless circuit breakers. 

Philco Radio and Television Corporation. 
Here may be seen modern assembly lines 
for the production of radio receivers. 

Pennsylvania Railroad Electrification. 
Opportunity will be given to inspect one of 
the latest electric locomotives designed for 
speeds in excess of 100 miles per hour and 
developing 8,500 horsepower; also the mod- 
ern load dispatcher’s office. 

United States Mint is the oldest, largest, 
and best-equipped coinage plant in the world 
and the only mint open to the public. Dur- 
ing the past year this mint produced coins for 
five foreign countries in addition to many 
millions of U.S. half dollars, quarters, dimes, 
nickels, and pennies. Here convention visi- 
tors will see the operation of the most 
highly developed modern machinery and 
also the largest and most valuable collection 
of coins and medals in the United States. 
All medals struck off at this mint are on dis- 
play, including the Congressional Medal of 
Honor, medals for the Army, Navy, Marine 
Corps, and the medals awarded by Congress 
to Colonel Charles Lindbergh and Admiral 
Byrd. In addition, there are coins dating 
back to 2,000 years before the Christian era, 
including the ‘‘widow’s mite’? found near 
the site of the Temple of Jerusalem. 

John B. Stetson Company. This factory 
is unique in that all the processes of hat 
manufacture from the raw fur-bearing skin 
to the finished product are carried on in this 
single plant. Philadelphia makes more 


Westinghouse Electric and Manufacturing Company plant at South Philadelphia, Pa. 
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hats than any other city in the United 
States. 

Curtis Publishing Company. This plant, 
the home of the Saturday Evening Post, The 
Ladies’ Home Journal, and The Country 
Gentleman occupies a whole city block, and 
millions of copies of its publications are 
turned out weekly. Of special interest is 
the new Curtis “four-and-four” precision 
color process by which four colors can be 
printed on both sides of a fast-moving sheet 
of paper, requiring no time interval for dry- 
ing the different colors. 

Burlington Generating Station of the Public 
Service Electric and Gas Company of New 
Jersey. Here may be seen the recently in- 
stalled 100,000-kw cross-compound turbo- 
generator designed for 1,250 pounds, 950 
degrees Fahrenheit total temperature. The 
duplicate generators for the high-pressure 
and low-pressure elements are both hydrogen 
cooled and rated 50,000 kilowatts, 3,600 rpm. 
Two boilers having a capacity of 550,000 
pounds per hour generate steam at 1,350 
pounds pressure, 950 degrees Fahrenheit 
total temperature, to supply this unit. The 
boilers are equipped to burn pulverized coal 
or fuel oil. 

I.T.E. Circuit Breaker Company. Test- 
ing of circuit breakers using a new 32,000- 
kva 13,200-volt generator will be demon- 
strated. Visitors will also see air-blast 
breakers for 15,000 volts, 3,000 amperes, 
with interrupting capacity of 2,500,000 kva, 
low-voltage air circuit breakers, metal-clad 
switchgear for central station and industrial 
applications, silver-plating equipment for 
plating bus bars, and in the process of manu- 
facture their line of low-voltage air breakers 
15 to 50,000 amperes. 

The Atlantic Refining Company Turbine 
Electric Tanker. An opportunity will be 
given to inspect one of the new tankers of 
the “‘J. W. Van Dyke’ class. These tankers 
of 1,800 tons dead-weight are designed for 
an average sea speed of 131/, knots and 
equipped with a variable speed of 4,500-kw 
main turbine generator and two 350-kw 
auxiliary turbine generator units. The 
main turbine is built for 600 pounds gauge 
steam pressure, 825 degrees Fahrenheit, and 
28.5 inches vacuum. The generator is rated 
at 4,500 kw, 60 cycles, 2,300 volts, 3,600 rpm, 
and is coupled to the propeller shaft through 
a 500-horsepower 2,300-volt three-phase 90- 
rpm synchronous motor. The auxiliaries, 
except the feed pumps, are electrically 
driven. All motors except the main motor 
are totally encased and the switchgear and 
control are of the latest dead-front steel 
encased type. 

Edward G. Budd Manufacturing Company. 
A pioneer in the development of steel auto- 
mobile wheels and bodies, Budd also de- 
veloped shot-welding for stainless steel and 
streamlined trains. Opportunity will be 
given to see the railroad car shop and auto- 
mobile bodies in the making. 

University of Pennsylvania. The labora- 
tories of the Moore School of Electrical En- 
gineering will be open for inspection. A 
special demonstration of the differential 
analyzer will be made. Opportunity will 
also be given to inspect the X-ray research 
laboratory and the atom smasher of the 
physics department will be demonstrated. 
The electrical research equipment of the 
Eldredge Reeves Johnson Foundation for 


medical physics will also be open for inspec- 
tion. 
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NFORMATION regarding the financial 
operations of the Institute is now given 
o the membership each year on two occa- 
sions, first with the publication of the an- 
atial report of the Institute board of direc- 
tors for the fiscal year which ends April 30, 
and next with the adoption of a budget of 
income and expenditures for the appropria- 
tion year which begins October 1, The 
July 1940 issue of ELecrricaL ENGINEER- 
G, news section, pages 290-303, carries the 
aa report of the board of directors 
for the fiscal year which ended April 30, 
1940, in which appears a detailed account 
of all activities of the organization together 
with financial statements for the correspond- 
ing period. 
_ Accordingly, the budget of income and 
expenses for the year beginning October 1, 
1940, which was adopted by the board of 
directors at its meeting held on October 25, 
is now presented in the form of a tabulation 
with only brief comments regarding those 
items which deserve special mention, For 
comparative purposes the tabulation in- 
cludes a statement of the amounts actually 
received or expended during the budget year 
which ended September 30, 1940. 
With respect to the estimate of the in- 
come to be received by the Institute during 
the coming year, the finance committee has 
again endeavored to make allowance for the 
probable loss of revenue from dues and from 
nonmember subscriptions to ELECTRICAL 
ENGINEERING received from abroad, which 
may result from conditions in those coun- 
tries now affected by the war. It is esti- 
mated that the loss from these sources will 
be from $4,000 to $5,000 more than in the 
last budget year. 

Upon review of the budget of appropria- 
tions it will be noted that practically all 
activities are being afforded financial sup- 
port to the same extent as last year, and 
that in some cases an increased appropria- 
tion has been provided to allow for a fur- 
ther expansion of Institute activities. 

It will also be noted that a transfer from 
surplus of $9,500 is to be made, to be added 
to the estimated receipts for the year. This 
is to take care of two special nonrecurring 
items of expense for publications. Thirty- 
two hundred dollars of this sum is to cover 
the expense of publishing in the 1940 
TRANSACTIONS text matter which was pre- 
sented in 1939 and therefore is more prop- 
erly chargeable to the operations of that 
year. Sixty-three hundred dollars is to 
cover the effect of a change in publication 
policy adopted by the board last June, which 
will advance into the current budget year 
the publication of the first half of the 1941 
SUPPLEMENT TO ELECTRICAL _ENGINEER- 
ING—TRANSACTIONS SECTION. Under the 
former publication policy this expenditure 
would have been deferred until the 1941-42 
budget year. 

Increased appropriation for advance 
pamphlet copies is made to take care of an 
enlarged program of technical papers to be 
presented at national conventions and Dis- 
trict meetings. The appropriation for In- 
stitute meetings provides for three national 
conventions and four District meetings, two 
more than last year. ; 

The financial requirements for Institute 
Sections and Branches, for standing and 
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technical committees, and for the various 
other activities shown in the tabulation 
have all been determined after careful study 
of the needs as estimated by the committees 
involved. The board of directors endeavors 
to adopt each year a budget which will make 
possible proper relative emphasis on the dif- 
ferent phases of Institute activities and 
which limits the annual expenditures as far 
as possible to the amount of anticipated in- 
come for the corresponding period. 

This year it is believed particularly im- 
portant to have a small amount unappro- 
priated, held for contingencies and prob- 
able additional items. The budget includes 
as yet no appropriation for depreciation; 


the appropriation for pension reserve is 
probably not fully adequate; it is a year in 
which cost levels may rise more than pro- 
vided for in the budget items; and there are 
other matters which may call for expendi- 
ture by the Institute. Accordingly, the 
budget includes an “‘unappropriated” item 
of $7,910, 

The success of all work planned for in the 
budget largely depends upon the prompt 
collection of membership dues, from which 
source over two-thirds of the total revenue 
of the Institute is received. It is gratifying 
to know that this situation is realized by 
the membership, as evidenced by the fact 
that the number of members in good stand- 
ing at the beginning of the present fiscal 
year compares very favorably with the sta- 
tistics of earlier years. 


Institute Income and Expenses for Year Ending September 30, 1940, and Budget for Year 


Actual Income Budget for Actual Income Budget for 
and Expenses, Year and Expenses, Year 
Year Ending Ending Year Ending Ending 
9-30-40 9-30-41 9-30-40 9-30-41 
Income National nominat- 
BA Sg: ee A $205,282.38... .$210,000.00 ing committee... . 953.88 1,000.00: 
Students’ fees........ 13,013.00.... 13,500.00 AIEE  representa- 
Entrance & transfer HIVES. occ cece cece eee ees 100.00: 
Ss eT Rs 7,880.95.... 8,000.00 Administration: 
Advertising.......... 35,155.56.... 40,000.00 Headquarters sala- 
ELec. ENGG.—non- SOS). sic heron ride ee 36,055.75 387,375.00 
mem. subscriptions. 12,939.44.... 10,500.00 Postage......... +++ 8,702.02 4,000.00 
TRANS. subscriptions.. 7,002.70.... 7,000.00 Stationery & print- 
Miscellaneous sales... 14,973.10.... 16,800.00 LBB ie sreskYaevivys + seep 3,197.74 3,500.00 
Interest on securities. . 6,613 .57.... 6,000.00 Office equipment.... 512.95 500.00 
—— 2. Trav. expense, bank 
302,860.70.... 311,800.00 charges, _—_ insur- 
a fer f: WMG vcd ver settee oes 50 ance, misc. sup- 
linha ee aie! plies & services... 4,254.68 4,500.00 
Woes. cess vis $302,860.70: ... $821,300.00 Paper prizes... sin. 541.41 600.00 
Sa ees Joint activities: 
American Engineer- 
Expenses ing Council...... $316.66... . 2,075.00 
Publications: Amer. Co-ord. Com, 
Text matter (EvEc. Corrosion ee Se ee cr ne 25.00: 
Enecc. & TRANS.) .$ 74,126.67....$ 84,310.00 American Standards chee 
TRANS. SUPPLEMENT 822.88.... 1,425.00 Association...... 1,500.00 paid 
Preprints... 5... 5-5 7,336.66.... 9,150.00 ECPD........ tees 850.00 : 
Advertising section— Engg. Foundation fe 
Hrec. ENGG....... 17,230.72.... 20,100.00 ; search og 
a Mian fe ,494.51.... 6,750.00 mpregnate 
bn pao ex- . paper insulation 250.00 250.00: 
Insulating Oils & 
HIE, teens as 1,495.61 04... 1,500.00 
Institute meetings.... 12,842.60.... 14,200.00 cable saturants. 250.00 ase 
Institute Sections: = RA ya eee 250.00 0. 
Appropriations..... 24,117.57.... 26,000.00 ngg- soc. 

Other expenses..... 5,952.04.... 6,250.00 Service, Inc...... 1,107.24 1,100.00 
Institute Branches: Engg. Soc. Library. 9,899.90... 10,075.00 
j i= 
Meetings expenses. . 1,180.68 1,200.00 Hoover Medal...... se: ers vente 

Other expenses..... 2,577.99 2,850.00 John Fritz Medal... HOOOR er . 
Committees: INGE esa DUS a care 60 OOn 5G s 60.00: 
Code of prin. prof. United Engg. Trus- 
FOE TRC Tod ae An Ors See eT IG AeA ae 50.00 tees building as- 
Edison Medal a oor 176.86.. 160.00 sessment......... 10,984.81 11,000 . 00: 
FINANCE. 3a dis eira's 600.00.... 750.00 U. S. Natl. Com. me ge 
Headquarters...... (filer) ae 100.00 ; LE Is Fie ci de oo 300.00.... : 
Lamme Medal...... TS1.30h ee 210.00 Miscellaneous — print- leptaes 
ee CIB Atel cielaiele ag eiatretrieiei tai alerete aco 50.00 IMG, CCC... . eee eereee sees seeee 5 é 
Membership....... SiOSTy 78: oer 8,825.00 Authors’ reprints... 3,184.02 
Standards.......... 7,824.54.... 8,800.00 Reprints of stand- Ped ae 
Technical commit- ards rateable eearkre P ae 
tees nee 309.38 500.00 Miscellaneous...... 1,187.05 
Seca neris : Other expenses: 
heed gp Membership badges. 1,894. 56 1,890.00) 
committees...... 2,459.40.... 3,000.00 Legal services... 250.00 250.00 
i Pension Fun e- 
tion delegates to : 
pee conyv..... 6,820 ae. oe 5,900.00 Bere, . Hictan vs . 5,000.00 5,000.00 
Counselor delegates Text paper & env. in en 
to summer conv.. LIAB TAS ss. 1,000.00 pak ae Siteunlele e : F 
Dist. secys. to sum- epreciation e- 
mer conyv......--. 927.28 800.00 serve bee ate 233.87 
District Student Unappropriated: 
conferences...... 8,272.52.... 8,200.00 Reserved ee a 
i z - tingencies and ad- 
ro > 
Ae a ae as 865.50.... 1,500.00 ditional itemsSicq.s scc-e essere ernes 7,910.00 
ice- idents..... SBcselchsmaes 1,000.00 ———_—— 
‘ane serena ieee ; 6,040.02.... 7,250.00 TOtale araaies' sip:sieisisincese $295,311.27... .$321,300.00 
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AIEE Board of Directors Meets 


The regular meeting of the AIEE board 
of directors was held at Institute head- 
quarters, New York, N. Y., on October 25, 
1940. 

Upon request of the committee on electro- 
chemistry and electrometallurgy, authoriza- 
tion was given for a joint session with the 
American Society of Metals during the 1941 
winter convention. Also, a joint technical 
conference of the committee on production 
and application of light with the Illuminat- 
ing Engineering Society during the winter 
convention was authorized. 

The board accepted an invitation of the 
local Sections and Districts concerned to 
hold the 1941 Pacific Coast convention at 
Yellowstone National Park, August 27-29. 
A joint conference on Student activities of 
Districts 8 and 9 and the University of 
British Columbia Branch, during this con- 
vention, was authorized. 

Requests for approval of dates for three 
previously authorized District meetings dur- 
ing 1941 were considered. It was the con- 
sensus of the board that the District 7 meet- 
ing in St. Louis should be held in the fall; 
the dates April 30 to May 2 were approved 
for the District 1 meeting to be held in 
Rochester, N. Y.; and selection of the dates 
for the District 5 meeting in Fort Wayne, 
Ind., was delegated to the president, the 
vice-president of District 5, and the chair- 
man of the committee on planning and co- 
ordination. 

It was reported that, in accordance with 
action of the board of directors on August 
2, the executive committee, in September, 
notified American Engineering Council of 
the intention of the AIEE to withdraw from 
Council on December 31, 1940; and the 
board confirmed this action. 

The board authorized the usual contribu- 
tion of $850 to the Engineers’ Council for 
Professional Development for the year 
1940-1941, and authorized a contribution 
of $25 toward the expenses involved in 
the work of the American Co-ordinating 
Committee on Corrosion, in which the 
Institute is participating. 

A resolution in memory of Past President 
Louis A. Ferguson, who died on August 25, 
1940, was adopted (see this page). 

A new Student badge, in the form of a 
key charm, was authorized, to be sold at a 
price of $1.25. 

Announcement was made that, due to the 
consolidation of Armor Institute of Tech- 


Future AIEE Meetings 


Winter Convention 
Philadelphia, Pa., January 27~—31, 1941 


Great Lakes District Meeting 
Fort Wayne, Ind., April 1941 


North Eastern District Meeting 
Rochester, N. Y., April 30-May 2, 1941 


Summer Convention 
Toronto, Can., June 16-20, 1941 


Pacific Coast Convention 
Yellowstone National Park, August 27-29, 
1941 
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N the death of Louis A. Ferguson, 

on August 25, 1940, at the age of 73, 
the Institute suffered the loss of its 
21st president and one of the leading 
pioneers in electric power generation 
and distribution. 

After his graduation from the Massa- 
chusetts Institute of Technology, in 
1888, with the degree of bachelor of 
science, he was em- 
ployed by the Chi- 
cago Edison Com- 
pany as an engineer 
in the underground 
distribution depart- 
ment. He made rapid 
progress, serving as 
chief electrical engi- 
neer, 1889-1897, and 
in addition assuming 
charge of the con- 
tract department in 
1893. In 1897, he 
was appointed gen- 
eral superintendent 
of both the Chicago 
Edison and the Com- 
monwealth Electric 
Companies, and in 
1902 he became sec- 
ond vice-president of 
both companies. The 
two companies were combined in 1907, 
and he continued as second vice-presi- 
dent of the Commonwealth Edison 
Company. He was a vice-president 
of that company from 1914 until 


In Memoriam 


LOUIS A. FERGUSON 


his retirement on December 31, 1935. 

Mr. Ferguson received national 
recognition for his contributions to 
power-system design, construction, and 
operation, and also for his leadership 
in the development of rate schedules 
for electric service. 

He joined the Institute as an Asso- 
ciate in 1901, and was transferred to 
the grade of Mem- 
ber in 1904, and to 
the grade of Fellow 
in 1912. He served 
as manager 1904-07, 
vice-president 1907— 
08, and _ president 
1908-1909. 

RESOLVED: That 
the board of direc- 
tors of the American 
Institute of Electri- 
cal Engineers hereby 
expresses, upon be- 
half of the member- 
ship, its keen regret 
at the death of Mr. 
Ferguson and its ap- 
preciation of his 
many contributions 
to the development 
of Institute activi- 
ties, and be it further 

RESOLVED: That these resolutions 
be entered in the minutes and trans- 
mitted to the members of Mr. Fergu- 
son’s family. 

—AIEE Board of Directors, October 25, 1940 


nology and Lewis Institute, in Chicago, the 
Student Branches of the AIEE at these 
institutions had been merged into one 
Branch, to be known as the Illinois Institute 
of Technology Branch. 

Upon recommendation of the standards 
committee, the board approved a revision 
of American standard for abbreviations for 
scientific and engineering terms—2Z10, which 
had been prepared by a sectional committee 
of the American Standards Association. 

Amendments to the rules governing the 
awards of national and District prizes of the 
Institute, recommended by the committee 
on award of Institute prizes, were adopted 
to: 


1. Empower a District Executive committee to fix 
the dates of closure and award for the Branch 
paper and graduate student paper prizes in the dis- 
trict, 


2. Provide a separate basis of grading papers for 
prize awards to student papers. 


Authorization was given for the printing of 
a new edition of the pamphlet, ‘‘National 
and District Prizes,’’ to include all revisions 
to date. 

The board authorized the special commit- 
tee on radio talks on electrical engineering 
subjects to arrange for a series of five radio 
talks along the lines suggested by the 
committee, beginning with one in connec- 
tion with the 1941 winter convention and 
including phonograph records of the talks 
for use at local broadcasting stations 
throughout the country. The sum of $300 
was appropriated for the purpose. 
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A budget for the appropriation year of the 
Institute beginning October 1, 1940, 
amounting to $321,300.00, was adopted as 
recommended by the finance committee. 

The chairman of the committee on plan- 
ning and co-ordination presented recom- 
mendations for modifications of proposals 
“E” and “F”’ of the publication committee 
for revisions of the publication policy of the 
Institute, which were adopted by the board 
of directors on June 27, 1940, and published 
in the August issue of ELEcTRicAL ENGI- 
NEERING, page 332. A literal interpreta- 
tion of these proposals had produced diffi- 
culties in connection with the necessary ob- 
servance of budget limitations. The board 
approved these modifications, as an emer- 
gency action, as follows: 


PROPOSAL E (placing a page limit, of six pages in 
type, on technical program papers to appear in the 
TRANSACTIONS section of ELECTRICAL ENGINEER- 
ING): In a sentence in the next to the last para- 
graph of the explanation of the objects of this pro- 
posal, the phrase ‘“‘rather to assure publication” 
was changed to read “rather to give priority to 
publication’’. 


PROPOSAL F: 


PROPOSAL F: Remove in so far as practicable re- 
strictions set by the publication budget on the 
number of papers which may be approved by the 
technical program committee. 


Under this plan the publication committee and 
technical program committee will recommend the 
following to the finance committee: 


a. The number of pages of advance pamphlet 
copies of authors’ manuscripts for which provision 
should be made in the budget. 


b. _ The number of pages in TRANSACTIONS for 
which provision should be made in the budget. 


Changed to read: 


ELECTRICAL ENGINEERING 


(This is expected to be a smaller amount of material 
than that published in advance pamphlet form.) 


The technical program committee procedure would 
hen be as follows: 


1. Review and approve or disapprove all technical 
Papers submitted for program consideration. The 
total number of papers that may be approved will 
be limited only by the advance pamphlet budget. 
2. Same as previous item 2. 

3. Same as previous item 3. 


4. Advise the publication committee which of the 
_ papers approved by the technical program commit- 
_ tee are recommended by the technical program com- 
_ mittee for publication in Transactions, the total 
_ of these not to exceed the TRANSACTIONS’ budget 
_ limit. Each author is to be advised when notified 
of the acceptance of his paper whether or not his 
paper will be recommended for publication in 
TRANSACTIONS. : 


The procedure in the publication committee would 
_ not differ in any general way from the present one 
but the proportion of the total number of technical 
_ program committee approved papers appearing in 
ELECTRICAL ENGINEERING would vary, depending 
upon the available budget. However, with pro- 
posed changes C, D, and E above, in effect the num- 
ber of such papers appearing in ELECTRICAL ENGI- 
NEERING would be increased without any increase 
in the publication budget. Specifically the publica- 
tion committee procedure would be: 
5. Publish in TRANSACTIONS all technical papers 
and discussions thereof which have been approved 
and recommended for publication by the technical 
program committee. 


6. Previous item 5 with no change. 
7. Previous item 6 with no change. 
8. Previous item 7 with no change. 


The following board members were se- 
lected to serve on the national nominating 
committee: 


C.R. Beardsley, M. S. Coover, Everett S. Lee, L. R. 
Mapes, and H. S. Osborne 

Alternates: T.F. Barton, F. Malcolm Farmer, D.C. 
Prince, Mark Eldredge 


R. T. Henry was appointed a representa- 
tive of the Institute on the Standards Coun- 
cil of the American Standards Association 
for the three-year term beginning January l, 
1941, and H. E. Farrer, H. H. Henline, and 
E. B. Paxton were reappointed alternates 
for the year 1941. 

C. R. Beardsley was appointed a repre- 
sentative of the Institute on the board of 
trustees of United Engineering Trustees, 
Inc., for the four-year term beginning in 
October 1940, to fill the vacancy caused by 
the death of H. R. Woodrow. 

Other actions by the board included the 
following: 


Minutes of the meeting of the board of directors 
held on August 2, 1940, were approved. 

The following actions of the executive committee as 
of September 16, 1940. were reported and confirmed: 
17 applicants transferred and 10 elected to the grade 
of Member; 34 applicants elected to the grade of 
Associate; 17 Students enrolled. 

Reports of meetings of the board of examiners held 
on September 12 and October 17, 1940, were pre- 
sented and approved. Upon recommendation of 
the board of examiners, the following actions were 
taken: 5 applicants elected to the grade of Mem- 
ber; 33 applicants elected to the grade of Associate; 
559 Students enrolled. 

Monthly expenditures were reported by the chair- 
man of the finance committee and approved by the 
board, asfollows: $18,587.43 in August, $20,428.29 
in September, and $30,724.24 in October. 


Those present were: 


President—R. W. Sorensen, Pasadena, Calif. 


Past Presidents—F. Malcolm Farmer and John C. 
Parker, New York, N. Y. 

Vice-Presidents—J. W. Barker, New York, N. Y.; 
J. L. Hamilton, St. Louis, Mo.; K. L. Hansen, Mil- 
waukee, Wis.; H. W. Hitchcock, Los Angeles, 
Calif.; Everett S. Lee, Schenectady, N. Y.; Fred 
R. Maxwell, Jr., University, Ala.; C. T. Sinclair, 
Pittsburgh, Pa.; A. LeRoy Taylor, Salt Lake City, 
Utah; J. M. Thomson, Toronto, Ont.; A. L. Tur- 
ner, Omaha, Nebr. 
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Directors—T. F. Barton, C. R. Beardsley, H. S, 
Osborne, New York, N. Y.; M. S. Coover, Ames 
Towa; Mark Eldredge, Washington, D. C.; R. E. 
Hellmund, East Pittsburgh, Pais) ey bt, Lane, L. R, 
Mapes, Chicago, Ill.; D.C. Prince, Schenectady, 
N. Y.; R. G. Warner, New Haven, Conn. 


National Treasurer—W. I. Slichter and National 
Secretary—H. H. Henline, New York, N. Y. 


AIEE Prize Rules Changed for 
National and District Papers 


Provision in the Institute’s 1940-41 
budget has been made for cash awards to ac- 
company the national and District prizes for 
initial and Branch papers to be awarded 
during the current year, as indicated below. 

All technical papers presented before the 
Institute are eligible under the AIEE paper 
prize regulations for competitive considera- 
tion for one or more of the established 
prizes, regardless of whether presented be- 
fore a Branch meeting, a Section meeting, a 
District meeting, or a national convention, 
the several classes of prizes providing for 
equitable competition. 

National prizes that may be awarded an- 
nually, and those to be accompanied by cash 
awards during the current year, are as fol- 
lows: 


1. Best paper prizes (certificates): 


Engineering practice 
Theory and research 
Public relations and education 


2. Prize for initial paper ($100 and certificate) 
3. Prize for Branch paper ($100 and certificate) 


District prizes that may be awarded an- 
nually in each of the geographical Districts 
of the Institute, together with the cash 
awards provided for the current year, are: 


Prize for best paper (certificate) 

Prize for initial paper ($25 and certificate) 
Prize for Branch paper ($25 and certificate) 
Prize for graduate student paper (certificate) 


Parser 


PERIODS OF COMPETITIONS 


The national ‘“‘best paper prizes’ and the 
national “initial paper prize’’ are awarded 
for papers presented during the calendar 
year, except best paper prize in the class of 
public relations and education. In this 
class the award is for a paper presented sub- 
sequent to those considered at the time of 
the last previous award in this field and prior 
to the end of the calendar year. For the 


national “prize for Branch paper” only 
papers presented during the preceding aca- 
demic (college) year, July 1 to June 30, 
inclusive, will be considered, 

The District ‘prize for best paper’ and 
the District “prize for initial paper’ are 
awarded only for papers presented subse- 
quent to the period covered by the last previ- 
ous award in the class and prior to the end of 
the last calendar year. The District ‘‘prize 
for Branch paper” and the District ‘prize 
for graduate student paper’ are awarded 
only for papers presented subsequent to the 
period covered by the last previous award in 
the class and prior to the end of the last 


academic (college) year, July 1 to June 30, 
inclusive. 


TIME OF AWARDS 


All of the national prizes and the District 
“prize for best paper” as well as the District 
“prize for initial paper’? shall be awarded 
prior to May 1 of the succeeding year. The 
District ‘‘prize for Branch paper” and the 
District ‘‘prize for graduate student paper’ 
will be awarded as determined by the Dis- 
trict executive committee and announced to 
all Branches in the District. 


HOW TO SUBMIT PAPERS 


For the national prizes all papers ap- 
proved by the technical program committee 
which were presented at the national con- 
ventions or District meetings will be con- 
sidered for the best paper prizes and the 
initial paper prize without being formally 
offered for competition. All other papers 
which were presented at Section or Branch 
meetings must be submitted in triplicate 
with written communications to the national 
secretary on or before February 15 of the 
following year, stating when and where the 
papers were presented. 

For the District ‘“‘prize for best paper”’ 
and the District ‘‘prize for initial paper” 
papers shall be submitted at least in dupli- 
cate by authors or by officers of the Section, 
Branch, or District concerned to the District 
secretary on or before February 15. The 
District secretary will refer the papers either 
to the District executive committee or a 
committee appointed by the District execu- 
tive committee authorized to make the 
awards. For the District ‘‘prize for Branch 
paper” and “‘prize for graduate student 
paper” papers shall be submitted at least in 


A Good Deed 


Mr. Institute Member: 


A Boy Scout is expected to do one good deed each day, but we only ask you as an Institute 
member to do one good deed each year, viz., to suggest to your Section membership committee 
the name or names of men of your acquaintance who are eligible for membership but are not 


now affiliated with the Institute. 


Or better still, if you wish to make it a real good deed, in addition to sending in their names, 
talk with them yourself and get them interested. This will pave the way for the membership 
committee contacts and improve the possibilities of their success. 


. 
~ 


Chairman, National Membership Committee 


a ____e 
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duplicate by authors or by officers of the 
Section, Branch, or District concerned to 
the District secretary in accordance with 
dates of closure and of award, as fixed by the 
District executive committee and announced 
to all Branches in the respective Districts. 

The basis of evaluating all student papers 
has been changed to bring it more in con- 
formity with tle objectives of such papers. 
Those wishing further information may ob- 
tain a booklet entitled ‘“National and Dis- 
trict Prizes” from AIEE headquarters, 33 
West 39th Street, New York, N. Y. 


District © @ @ @ 


District 1 Executive Committee 


Meets at Pittsfield 


With an attendance of Section and other 
representatives as noted in the following 
list, the executive committee of the Insti- 
tute’s North Eastern District met at Pitts- 
field, Mass., Friday, October 4, 1940: 


R. G. Lorraine, secretary, North Eastern District 
H. H. Henline, national secretary, AIEE 

. G. Conrad, secretary, Connecticut Section 

. L. Dawes, past vice-president 

. M. Hunter, chairman, Schenectady Section 

. T. Woodson, secretary, Schenectady Section 

. H. Magnusan, chairman, Worcester Section 

V. Siegfried, national membership committee 

Eric A. Walker, Student Branch counselor, Con- 
necticut 

W. I. Middleton, secretary-treasurer, Boston Sec- 
tion 

O. E. Sawyer, secretary-treasurer, Providence Sec- 
tion 

H. A. Baines, chairman, Providence Section 

E. V. Deblieux, chairman, Pittsfield Section 

W. K. Parks, secretary, Niagara Frontier Section 
H. D. Griffith, chairman, Springfield Section 
Isaiah Creaser, secretary, Springfield Section 

W. F. Cotter, chairman, Rochester Section 

H. H. Race, chairman, Schenectady Section 

M. E. Scoville, secretary-treasurer, Pittsfield Sec- 
tion 

M. G. Northrop, chairman, Ithaca Section 

R. W. Adams, chairman, Boston Section 

E. S. Lee, vice-president, AIEE 


PHOOPr 


Actions taken by the committee include 
the following: 


1. Approved the dual method of transferring to 
Fellow grade, as discussed at the annual conference 
of officers, delegates, and members held in connec- 
tion with the 1940 summer convention at Swamp- 
scott, Mass., and reported on pages 335-6 of the 
August issue of ELECTRICAL ENGINEERING. 


2. Approved Vice-President E. S. Lee’s appoint- 
ment of the following men to serve with him on the 
District co-ordinating committee: R. D. Lorraine 
of Schenectady, A. G. Conrad of New Haven, H. D. 
Griffith of Springfield, O. E. Sawyer of Providence, 
M. G. Northrop of Ithaca, and E. A. Gruppe of 
Syracuse. 


3. Approved Vice-President Lee’s appointment of 
W. F. Cotter of Rochester and C. E. Tuites of 
Rochester to serve with the members of the District 
co-ordinating committee as the general committee 
for the District meeting scheduled to be held in 
Rochester April 30-May 2, 1941. 


4. Approved Vice-President Lee’s appointment of 
D. S. Snell of Schenectady, W. I. Middleton of 
Cambridge, and W. K. Parks of Buffalo to act as 
judges for the District’s initial and best-paper prize 
awards, and W. W. Cotner of Ithaca, R. C. Porter 
of Boston, and A. G. Conrad of New Haven to 
act as judges for Student Branch paper prize awards. 


5. Voted financial support to the extent of some 
$200 for District student convention activities, and 
$30.00 for District prizes. 


6. Adopted an assessment of $20.00 plus five cents 
per AIEE member for each Section in the North 
Eastern District, to defray the expenses of general 
District activities. 
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7. lected Past-Vice-President C. L. Dawes to 
represent the North Eastern District on the national 


nominating committee. 


Chairman E. A. Walker of the District’s 
committee on student activities reported 
that the District’s 17 student branches had a 
total membership of nearly 400 Enrolled 
Students, with a gross total attendance of 
6,500 during the past school year at 141 
branch meetings for which the programs 
included some 70 student talks; that there 
was a total attendance of about 150 at the 
Student District conference held at Rens- 
selaer last Spring where 5 graduate and 16 
undergraduate student papers were pre- 
sented. Student branch counselors are 
planning to hold this year’s student conven- 
tion in connection with the District meeting 
scheduled for Rochester. AIEE national 
affairs of interest to the District and its 
Sections were discussed by Past-Chairman 
H. H. Race of the national sections commit- 
tee, Vice-Chairman Victor Siegfried of the 
national membership committee, and Na- 
tional Secretary H. H. Henline. 


District 2 Co-ordinating Committee 


By action of the District 2 executive 
committee at its meeting held October 10, 
1940, during the Middle Eastern District 
meeting at Cincinnati, Ohio, the following 
men were selected to serve as the co- 
ordinating committee for the Middle East- 
ern District in connection with the 1942 
District meeting in Pittsburgh, Pa.: 


F. S. Fiske, Maryland Section 

W.R. Hough, Cleveland Section 

M. B. Wyman, Pittsburgh Section 

W. J. D. Geary, Lehigh Valley Section 


Executive Committee of 
District 6 Meets at Denver 


The executive committee of the North 
Central District held its annual meeting at 
the University Club, Denver, Colo., Novem- 
ber 1, 1940, with the following Section and 
other representatives present: 


A. L. Turner, vice-president 

Nelson R. Love, vice-chairman, national member- 
ship committee 

W. G. Rubel, chairman, Denver Section 

John R. Walker, secretary, Denver Section 

L. A. Bingham, chairman, Nebraska Section 

John M. Gibb, secretary, Nebraska Section 

H. F. Rice, chairman, District committee on stu- 
dent activities 

I. M. Ellestad, District secretary 


Actions taken by the executive committee 
included the following: 


1. Nominated Arthur L. Jones (F’38) vice-presi- 
dent and district manager of the General Electric 
Company at Denver, for the office of AIEE vice- 
president from District 6 for the two-year term be- 
ginning August 1,1941. Mr. Jonesis past chairman 
of the Denver Section, 1927-28. 


2. Appointed Albert S. Anderson past chairman 
of the Denver Section (1938-39) to represent Dis- 
trict 6 at the forthcoming January meeting of the 
national nominating committee. Byron E. Cohn 
of Denver was selected as District alternate repre- 
sentative. 


3. Took action recommending that each Section in 
District 6 consider making an appropriation of 
about $7.50 to provide a fund to be used for Dis- 
trict prizes for student papers, awards to be made 
at the annual conference on student activities. 

4. Appointed Chairman W. G. Rubel and Secre- 
tary J. R. Walker of the Denver Section and District 
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Vice-Chairman Nelson R. Love of the national mem- 
bership committee to constitute a committee of 
judges to consider the student papers that will be 
presented at the annual conference on student activi- 
ties to be held at the University of Denver April 
18-19, 1941. 

5. Endorsed the invitation from the Denver Sec- 
tion to the Institute to hold the 1942 annual sum- 
mer convention in Denver. 


Other items of District business discussed 
included the matter of membership and the 
subject of rules governing the awards of 
District prizes for Student Branch papers. 


Section eee ®@ 


Milwaukee Section 
Forms Discussion Groups 


Three technical discussion groups have 
been organized by the AIEE Milwaukee 
Section, with the objectives of providing 
forms for technical discussion and giving 
young engineers experience in presenting pa- 
pers. The groups were formed after replies 
to a questionnaire showed great interest in 
the plan. Others will be added if sufficient 
demand appears. 

The co-ordinating chairman of the proj- 
ect is C. J. Fechheimer and the three 
groups, which held their first meetings in 
November, are: 


Group A, electrical machinery—S. H. Mortensen, 
chairman 

Group B, power applications and controls—K. L. 
Hansen, chairman 

Group C, electronics—Walter Richter, chairman 


Each group expects to meet about four 
times a year. Only AIEE members or local 
members of the Section may participate, 
but any member may join more than one 


group. 


Abstracts & 


TECHNICAL PAPERS are previewed in this sec- 
tion as they become available in advance pamphlet 
form. Copies may be obtained by mail Es remit- 
ting price indicated to the AIEE order department, 
33 West 39th Street, New York, N. Y.; or at five 
cents less per covy if purchased at AIEE head- 
quarters or at AIEE convention or District-meeting 
registration desks. 


The papers previewed in this issue will be presented 
at the AIEE winter convention, Philadelphia, Pa., 
January 27-31, 1941. 


Basic Sciences 


41-4—Calculation of Initial Breakdown 
Voltages in Air; D. W. Ver Planck (A’31). 
20 cents by mail. Although spark-over and 
corona starting voltages can be predeter- 
mined satisfactorily in cases for which em- 
pirical formulas or curves are available, a 
more generally applicable method is needed. 
An approach to such a method is through a 
modification of Townsend’s theory, which, 
though possibly lacking in rigor, suffices in 
many cases for the accurate calculation of 
breakdown voltages. The present paper 
outlines the theory and shows that the initial 
breakdown voltage may be calculated using 
two quantities characteristic of the gas for 
cases where the field, if nonuniform, con- 
verges toward the cathode. Formulas ex- 
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p essing one of the characteristic quantities 
for air, the Townsend coefficient a, are 
assembled, and a formula for the second 


quantity is deduced from an analysis of 


published spark-over gradients for plane 
gaps. The method is applied to two cases 
and the results are shown to be in agree- 


_ ment with experiment. 


41-6—A Five-Figure Table of the Bessel 
Function In(x); H. B. Dwight (F'26). 
15 cents by mail. The modified Bessel func- 
tion of the first kind, J,(x), where x is a 
real quantity, is of widespread application, 


but it is of particular interest to electrical 


engineers, since the current and voltage 
for a traveling wave on an electric line can 
be expressed as a series of these functions. 
A table of these functions was published in 
the Report of the British Association for the 
Advancement of Science, 1889, and has been 
reprinted in ‘‘Bessel Functions” by Gray, 
Mathews, and MacRobert. While a large 
number of significant figures were given, the 
arguments were 0.2, 0.4, 0.6, etc. The 
interpolation, as used in engineering work, 
is somewhat easier and more according to a 
decimal system when arguments 0.1, 0.2, 
0.3, ete., are used. Accordingly, additional 
values for a five-figure table have been com- 
puted, and the enlarged five-figure table is 
given in this paper. 


41-9—D-C Breakdown Strength of Air and 
of Freon in a Uniform Field at High Pres- 
sures; J. G. Trump (A’31), F. J. Safford 
(A’35), and R. W. Cloud (A’39). 15 cents 
by matl. This paper extends d-c breakdown 
studies in air and in Freon 12 (dichlorodi- 
fluoromethane) at high pressures and in a 
uniform field to higher voltages than have 
been reported previously, and indicates 
reasons for the observed departures from 
Paschen’s law and for the relatively high 
insulating strength of the Freon. D-c break- 
down studies of air in a uniform field have 
been extended to 1,000 kv. D-c studies of 
Freon (CCl,F.) have been extended to over 
350 kv and to 135 pounds per square inch 
absolute. The mechanisms which account 
for the higher insulating strength of such 
gaseous compounds as CCl,F» are outlined 
and their possibilities and limitations in the 
insulation of high-voltage apparatus are 
briefly discussed. 


Communication 


41-8—Hollow Pipes of Relatively Small Di- 
mensions; W. L. Barrow (M33), H. 
Schaevitz (A’40). 15 cents by mail. The 
hollow-pipe type of conductor for ultra- 
high-frequency electromagnetic energy, al- 
though possessing several desirable features, 
has the disadvantage that its transverse 
dimensions are relatively large; namely, of 
magnitude comparable to the wave length. 
The object of this paper is to lessen this en- 
ccumbrance by describing pipes that have 
transverse dimensions several times smaller 
than those of the simple forms previously 
proposed. Several cross-sectional shapes for 
hollow-pipe transmission lines are described 
that provide lower operating frequencies for 
given outside dimensions than do the simple 
shapes heretofore proposed. The theory 
for one such line, the ‘‘separate coaxial 
cable’, is derived, and experiments are re- 
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ported. Cavity resonators embodying these 


principles are also described. 


Electrical Machinery 


41-1—“Rotor-Bar Currents in Squirrel- 
Cage Induction Motors’; J. S. Gault 
(M’30). 20 cents by mail. The rotor of a 
squirrel-cage induction motor is an ex- 
tremely simple and rugged piece of mecha- 
nism; and due largely to this simplicity, it 
resists accurate analysis of its behavior by 
ordinary testing technique. Its design has 
been perfected by cut-and-try methods, 
making assumptions with respect to rotor 
current to simplify the theory, but the 
actual current in the bars has remained a 
mystery. The purposes of this paper are: 
first, to present oscillograms of rotor-bar 
currents; second, to extend the theory of 
induction motors to include the computation 
of rotor-bar currents; and third, to show 
the effect of the rotor-current harmonics 
upon the efficiency of the motor. 


41-2—Analysis of Short-Circuit Oscillo- 
grams; W. W. Kuyper (A’34). 15 cents 
by matl. The analysis of short-circuit oscil- 
lograms to obtain synchronous-machine re- 
actances is usually made by means of the 
equations developed from symmetrical- 
component theories. These equations have 
been employed by previous writers on the 
subject and have been incorporated in 
published standards. Because symmetrical- 
component methods usually start from the 
assumption of sinusoidal currents of single 
frequency in the armature, and because it 
is known that short-circuit currents depart 
appreciably from the simple sinusoidal 
form, it is desirable to know the effect of 
removing the assumption of sinusoidal cur- 
rents on the equations used in the analysis of 
short-circuit oscillograms. Methods of 
analyzing the oscillograms of short-circuit 
currents of synchronous machines, in ac- 
cordance with the two-reaction theory, are 
presented in this paper. Differences be- 
tween the results found here and the more 
generally accepted equations, based on sym- 
metrical components, are pointed out. 


Power Transmission and Distribution 


41-5—Impulse and 60-Cycle Character- 
istics of Driven Grounds; P. L. Bellascht 
(F’40). 20 cents by mail. Driven grounds 
are important in electric power transmission 
and distribution. In fact, they comprise one 
of the essential elements in the art of light- 
ning protection. Yet, to this day, the value 
of protection derived from grounds under 
actual operating conditions of lightning dis- 
charge is difficult to state in full quantitative 
measure. And the reason for this situation 
lies partly in the lack of fundamental knowl- 
edge of the impulse characteristics of driven 
grounds. In part, the difficulty also is due 
to the complex factors that inherently make 
up driven grounds and ground systems. 
This paper presents an investigation sup- 
plying test data on the impulse and 60-cycle 
characteristics of common rods driven in 
natural soil (largely clay composition). It 
sums up and analyzes the results in the 
characteristic curve of the ratio of impulse 
to 60-cycle resistance for impulse currents 
that represent conditions ranging from a 
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traveling surge to direct strokes of lightning. 
The basic reasons for the performance of 
grounds under impulse currents are pointed 
out in so far as the experimental data and 
observations permit. From this investiga- 
tion the desirability of establishing the 
characteristic for other typical soils and for 
other common types of grounds (electrodes) 
is apparent. 


Instruments and Measurements 


41-3—Automatic Printing Ammeter; 7. G. 
LeClair (F’40). 20 cents by mail. A new 
meter has been developed which will auto- 
matically read and record in numerals, at 
predetermined time intervals, the ampere 
loading on 50 different electric circuits. This 
meter also adds meter readings on groups 
of circuits and prints these totals in columns 
beside the meter readings. The paper out- 
lines briefly the reasons for developing such 
a device. The paper also describes, with the 
aid of schematic diagrams, the process by 
which the meter obtains and prints all the 
meter readings on a single “log sheet’”’. The 
following are incidental benefits derived 
from the use of the meter: greater accuracy, 
greater legibility, duplicate records, and 
uniform timing of readings. 


Personal Ld Ls) e 


E. E. Minor, Jr. (A’35) research and develop- 
ment engineer, the Glenn L. Martin Com- 
pany, Baltimore, Md., has been appointed 
chairman of the Institute’s newly formed 
committee on air transportation. He was 
born at Baltimore February 18, 1907, and 
received the degrees of bachelor of engi- 
neering, 1930, and doctor of engineering, 
1934, from Johns Hopkins University. 
During part of 1934 he was employed by 
the Pennsylvania Railroad at Washington, 
D. C., as assistant electrical engineer on 
high-voltage cable installation. While doing 
graduate work at Johns Hopkins, he was en- 
gaged in research on space charge effects in 
liquid dielectrics, continuing that work 
until 1935. Following a year and a half of 
work on job analysis in the United States 
Department of Labor, he became staff elec- 
trical engineer for the Glenn L. Martin 
Company, later becoming electrical engi- 
neer and research and development engineer. 
During this period he has been responsible 
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for the progress and development of electri- 
cal engineering as applied to large aircraft. 
He has also carried on consulting work in 
electrical engineering. He is also a member 
of Sigma Xi and of the Institute of Aero- 
nautical Sciences. 


O. P. Cleaver (A’36) lighting engineer, West- 
inghouse Lamp Division, Bloomfield, N. J., 
and F, A. Hansen (M’31) managing director, 
Western Institute of Light and Vision, Los 
Angeles, Calif., have been elected regional 
vice-presidents of the Illuminating Engi- 
neering Society for 1940-41, in accordance 
with the society’s recent establishment of 
eight geographical divisions, called “‘re- 
gions.” Mr. Cleaver, who will serve as 
vice-president of region B, comprising the 
New York and New England sections of the 
IES, was born January 8, 1907, at Row- 
lettes, Ky., and received the degrees of 
bachelor of science in electrical engineering 
from Georgia Institute of Technology in 
1928 and master of science in electrical engi- 
neering from Yale University in 1930. 
Since 1930 he has been with the Westing- 
house Lamp Division; from 1930 to 1935 
as district engineer at Chicago, Ill. Since 
1935 he has been in charge of the illumina- 
tion section, commercial engineering depart- 
ment. He is a member of the Institute’s 
committee on production and application 
of light. Mr. Hansen will serve as vice- 
president of region “‘H,’’ covering the Pacific 
Coast area. He was born December 29, 
1898, at Mineral, Idaho, and studied elec- 
trical engineering at the Bliss Electrical 
School. For some years he was Pacific 
Coast representative of the Hollophane 
Company, Inc., and since 1935 has been 
managing director of the Western Institute 
of Light and Vision. Both men have been 
active in committee and section work in the 
IES. 


L. R. Ludwig (A’28) formerly manager of 
the protective devices engineering, Westing- 
house Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa., has been made 
manager of the two newly combined divi- 
sions of circuit breaker and protective de- 
vices engineering. A mative (1904) of 
Kansas City, Mo., he received the degree 
of bachelor of science in electrical engineer- 
ing from the University of Illinois in 1925, 
and entered the student course at Westing- 
house the same year. He has been with the 
company continuously except for the year 
1929-30, which he spent in graduate study 
at the University of Berlin as recipient of the 
first Lamme Memorial scholarship. In1931 
he entered the research division of railroad 
motor engineering, and since 1935 has been 
in the switchgear division. He was co- 
author of the AIEFE national prize best paper 
in theory and research in 1933, and received 
honorable mention in the same award in 
1936. 


R. D. Bennett (F’35) professor of electrical 
measurements, Massachusetts Institute of 
Technology, Cambridge, has been appointed 
lieutenant-commander in the United States 
Naval Reserve, with headquarters at the 
Naval Ordnance Laboratory, Washington, 
D.C. Born June 30, 1900, at Williamson, 
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N. Y., he received the degrees of bachelor of 
science (1921) and master of science (1923) 
in electrical engineering from Union College, 
and that of doctor of philosophy from the 
University of Chicago in 1925. He taught 
in mathematics (1921-23) and physics 
(1925-26) at Union College, Schenectady, 
N. Y., and was National Research fellow in 
physics at Princeton University, Princeton, 
N. J., 1926-27, and at California Institute of 
Technology, 1927-28; and research associ- 
ate at the University of Chicago, Chicago, 
Ill., 1928-31. He went to MIT as associate 
professor of electrical measurements in 1931, 
later becoming professor. 


F. E. Terman (A’23, M’34) executive head, 
electrical engineering department, Stanford 
University, Stanford University, Calif., has 
been elected president of the Institute of 
Radio Engineers for the year 1941. Heisat 
present a vice-president of the society. 
Born June 10, 1900 at English, Ind., he re- 
ceived the degrees of bachelor of arts (1920) 
and electrical engineer (1922) from Stan- 
ford University and that of doctor of science 
from Massachusetts Institute of Technology 
in 1924. He entered the electrical engineer- 
ing department at Stanford University in 
1925, becoming assistant professor in 1927, 
associate professor in 1930, and later pro- 
fessor. He is the author of books and 
articles on communications, holds a num- 
ber of patents, and has also carried on con- 
sulting work. 


E. O. Shreve (A’06) vice-president in charge 
of apparatus sales, General Electric Com- 
pany, Schenectady, N. Y., has been elected 
president of the National Electrical Manu- 
facturers’ Association for 1940-41. A 
native (1881) of Mapleton, Iowa, he re- 
ceived the degree of bachelor of science in 
electrical engineering in 1904. He went 
with General Electric as a student engineer 
the same year and has been with the com- 
pany ever since. He was sent to the Pacific 
Coast in 1906 as supply salesman, and in 
1917 became manager of the San Francisco 
office. He was made manager of the indus- 
trial department at Schenectady in 1926, 
assistant vice-president in 1929, and vice- 
president in 1934. 


H. B. Burr (A’21, M’40) has retired as plant 
engineer, Wisconsin Telephone Company, 
Milwaukee. Born July 26, 1875, at Mil- 
waukee, he studied engineering at the Uni- 
versity of California. Before entering the 
employ of the Wisconsin Telephone Com- 
pany in 1905, he was employed as a drafts- 
man by the Milwaukee Engineering Com- 
pany, the Bucyrus Manufacturing Com- 
pany, and the Kearney and Trecker Com- 
pany, all of Milwaukee, and from 1903 to 
1905 as assistant to superintendent of con- 
struction, Allis-Chalmers Company, Mil- 
waukee. He went with the Wisconsin 
Telephone Company as inspector, became 
assistant aerial construction engineer in 
1907, and in 1921 was made plant engineer. 


L. B. Bender (A’20, M’27) has joined the 
Westinghouse Electric and Manufacturing 
Company as engineer for the research prod- 
ucts department, with headquarters at 
Baltimore, Md., having retired at his own 
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request as colonel in the Signal Corps, 
United States Army. He has been a com- 
missioned officer in the Army since 1909, 
and has been closely identified with research ~ 
work in the Signal Corps, as he has served 
as director of each of the Signal Corps 
laboratories, and as chief of the research and 
development division of the Chief Signal 
Officer’s office in Washington, D. C. 


F. E. Bell (M’35) has been appointed con- 
struction engineer for the new steam gener- 
ating plant which is being built by the 
Tennessee Valley Authority near Watts Bar 
Dam, Tenn. He has been associated with 
TVA since 1934, serving as assistant con- 
struction engineer of the Joe Wheeler and 
Gunthersville Dams in Alabama. Previ- 
ously he had been with United Engineer 
and Constructors, Inc., Philadelphia, Pa.; 
United Gas Improvement Contracting 
Company, Philadelphia; and Stone and 
Webster, Inc., Boston, Mass. 


E. C. Stone (M’19, F’31) vice-president and 
general manager, Duquesne Light Com- 
pany, Pittsburgh, Pa., has been elected 
president of the Pennsylvania Electric 
Association for 1940-41. H. M. Rankin 
(A’20, M’22) superintendent of power sup- 
ply, Metropolitan Edison Company, Read- 
ing, Pa., was elected a member of the execu- 
tive committee of the Association, and H. S. 
Fitch (A’18) general superintendent of sub- 
stations, West Penn Power Company, 
Pittsburgh, Pa., was elected vice-chairman 
of the Association’s engineering section. 


A. D. Hinckley (A’27, M’38) assistant 
to the dean of the faculty of engineering and 
instructor in electrica] engineering at Colum- 
bia University, New York, has been granted 
a temporary leave of absence to serve as 
senior consultant in engineering education 
in the Office of Education of the Department 
of the Interior, Washington, D. C. 


K. A. Hawley (A’09, F’35) formerly chief 
engineer, Victor Insulators, Inc., Victor, 
N. Y., has been appointed engineer of new 
products, Electric Power Equipment Cor- 
poration, Philadelphia, Pa. He had been 
with Victor Insulators since 1935, and previ- 
ously was chief engineer of the Locke Insu- 
lator Corporation, Baltimore, Md. 


W. V. Kahler (M’89) chief engineer, Illinois 
Bell Telephone Company, Chicago, IIl., has 
been given leave of absence to report to W. 
H. Harrison (A’20, F’31) vice-president and 
chief engineer of the American Telephone 
and Telegraph Company, now with the 
National Defense Advisory Commission, 
Washington, D. C. 


E. E. Wyland (A’29, M’39) formerly general 
plant supervisor, Mountain States Tele- 
phone and Telegraph Company, Denver, 
Colo., has been appointed Colorado plant 
superintendent. He has been with the 
company since 1924 and was appointed 
general plant supervisor in 1939. 


A. Mz. Musgrove (A’30, M’37) formerly 
assistant engineer, transmission and distri- 
bution, Public Service Electric and Gas 
Company, Newark, N. J., has been assigned 
to active duty with the United States Army 
as engineer officer for the Third Military 
Area, with headquarters at Newark. 
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D. J. LaMothe (A’35) has been appointed an 
instructor in electrical engineering at Michi- 
gan College of Mining and Technology, 
Houghton. A graduate of that institution 
(1934) he has been engaged in research at 
American Television Institute, Chicago, 


W. Mz. Hanna (A’26) formerly employed in 
the engineering division, central station 
department, General Electric Company, 


Schenectady, N. Y., is now assistant to the 


electrical engineer, Consolidated Gas, Elec- 
tric Light, and Power Company, Baltimore, 
Md. 


E. A. Walker (A’34) formerly chairman of 
the department of electrical engineering, 
Tufts College, Medford, Mass., has been 
appointed associate professor of electrical 
engineering at the University of Connecti- 
cut, Storrs. 


F. J. Amador (A’36) formerly assistant pro- 
fessor of electrical engineering, New Mexico 
State College, State College, is now an as- 
sistant engineer for the United States 
Government at the Panama Canal, engaged 
on the design of the third set of locks. 


G. E. Hulse (M’22) chief engineer, The 
Safety Car Heating and Lighting Company, 
New Haven, Conn., has been elected a 
manager of The American Society of Me- 
chanical Engineers to serve on the council 
of that society for a three-year term. 


J. A. Caparo (M’18, F’32) professor of elec- 
trical engineering, University of Notre 
Dame, Notre Dame, Ind., has received the 
Notre Dame Alumni Association award, 
granted annually to a member of the faculty 
in recognition of outstanding work. 


R. W. Wilbraham (M’21) chief electrical 
engineer, United Engineers and Construc- 
tors, Inc., Philadelphia, Pa., has been ap- 
pointed chairman of the committee on elec- 
trical equipment of the Edison Electric 
Institute for the year 1940-41. 


S. P. MacFadden (A’19, M’30) has been 
elected to serve the Northwest Electric 
Light and Power Association as vice-presi- 
dent for 1940-41. He is vice-president in 
charge of operations for Puget Sound Power 
and Light Company, Seattle, Wash. 


O. A. Becklund (A’38) formerly instructor in 
electrical engineering, Case School of Applied 
Science, Cleveland, Ohio, is now a member 
of the department of electrical engineering 
at the University of Minnesota, Minne- 
apolis. 


L. D. Colvin (A’39) has been granted a year’s 
leave of absence from his position as junior 
engineer, Pacific Gas and Electric Company, 
San Francisco, Calif., to serve as first lieu- 
tenant in the Signal Corps, United States 
Army, stationed at San Francisco. 


L. P. Winsor (A’40) formerly assistant at 
the Graduate School of Engineering, Har- 
vard University, Cambridge, Mass., has 
now joined the staff of the Case School of 
Applied Science, Cleveland, Ohio. 


Meirion Davies (A’37) managing director, 
Langley Manufacturing Company, Van- 
couver, B. C., Canada, has been elected 
chairman of the Granville Island branch of 
the Canadian Manufacturers’ Association. 


DECEMBER 1940 


J. O. Binney (M’35) formerly electrical engi- 
neer, Metropolitan Water District of South- 
ern California, Los Angeles, is now employed 
in the chief engineer’s office of the Southern 
California Edison Company, Los Angeles. 


S. E. Gates (A’36) manager, Los Angeles 
(Calif.) office, General Electric Company, 
has been elected a vice-president of the Pa- 
cific Coast Electrical Association for the 
coming year, 


R. P. Long (A’34) formerly general plant 
employment supervisor, eastern district, 
Bell Telephone Company of Pennsylvania, 
Philadelphia, has been appointed general 
plant manager. 


R. W. King (M’35) assistant to the presi- 
dent, Bell Telephone Laboratories, has been 
transferred to the position of assistant vice- 
president, American Telephone and Tele- 
graph Company. 


C. A. Collier (M’23) vice-president in 
charge of sales, Georgia Power Company, 
Atlanta, Ga., has been appointed Georgia 
representative on the southern industrial 
mobilization committee for national defense. 


J. H. Herron (M’35) president, the James 
H. Herron Company, Cleveland, Ohio, 
has been made an honorary member of 
the Cleveland Engineering Society. 


L. S. White (A’25) formerly district man- 
ager, Portland General Electric Company, 
Gresham, Ore., has been transferred to the 
Portland office of the company. 


Obituary e e @® 


Charles Hesterman Merz (A’95, M’10, 
F’13) consulting electrical engineer, senior 
partner, Merz and McLellan, London, 
England, died during October 1940 when his 
London home was destroyed by a bomb. 
He was born at Gateshead-on-Tyne, Eng- 
land, October 5, 1874, and received his tech- 
nical education at Armstrong College, 
Newcastle-on-Tyne, as a student of the 
University of Durham. He was awarded 
the honorary degree of doctor of science by 
the University of Durham in 1932. He was 
an apprentice of the Newcastle-on-Tyne 
Electric Supply Company; pupil engineer 
for Robey and Company, Lincoln; and resi- 
dent engineer for Croydon Corporation 
Electricity Works (1897) and for Cork 
Electric Tramways and Lighting Company, 
Ltd. (1898-99) before devoting himself to 
consulting practice. He was especially con- 
cerned with power supply and designed and 
carried out electric power and traction work 
in England, India, Australia, Africa, the 
United States, and South America. He was 
a member of the Home Office committee on 
electricity in mines, 1910; chairman, electric 
power supply subcommittee of the coal con- 
servation committee of the Ministry of Re- 
construction, 1917; member of the Board of 
Trade committee on electric power supply, 
1917; and director of experiments and re- 
search for the British Admiralty, 1918. He 
received the Faraday Medal of the Institu- 
tion of Electrical Engineers of Great Britain 
in 1931, and was a past vice-president of 
that organization. He also was a member 
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of the Institution of Civil Engineers, Great 
Britain, of the British Engineering Stand- 
ards Committee, the Electrochemical Soci- 
ety (American), and the Franklin Institute. 


John Renshaw Carson (A’19, F’33) research 
mathematician, Bell Telephone Labora- 
tories, New York, N. Y., died October 31, 
1940. He was born June 28, 1886, at 
Pittsburgh, Pa., and received the degrees of 
bachelor of science, 1907, electrical engineer, 
1909, master of science, 1912, from Prince- 
ton University, and the honorary degree of 
doctor of science from Brooklyn Polytech- 
nic Institute 1936. From 1907 to 1910 he 
was a student engineer with the General 
Electric Company, Schenectady, N. Y. 
He was employed in the research division of 
the Westinghouse Electric and Manufactur- 
ing Company, East Pittsburgh, Pa., 1911- 
12, and as an instructor in physics and elec- 
trical engineering at Princeton University, 
Princeton, N. J., 1912-14. In 1914 he 
entered the engineering department of the 
American Telephone and Telegraph Com- 
pany, New York, N. Y., and in 1917 was 
transferred to the department of develop- 
ment and research as engineer of transmis- 
sion theory development. When that de- 
partment was consolidated with the Bell 
Telephone Laboratories in 1934, he assumed 
the position of research mathematician in 
that organization. He received the Lieb- 
mann Memorial Prize of the Institute of 
Radio Engineers in 1924, and the Elliott 
Cresson Medal of the Franklin Institute in 
1939, and was named a ‘“‘modern pioneer”’ by 
the National Association of Manufacturers 
in 1940. He was also a member of the Insti- 
tute of Radio Engineers, the American 
Mathematical Society, and Phi Beta Kappa. 
He was the author of books and technical 
papers and held a number of patents. 


Eli Franklin Bush (A’08) attorney at law, 
Los Angeles, Calif., died September 6, 
1940. He was born at Quaker, Mich., April 
6, 1883, received the degree of bachelor of 
science from the University of Michigan in 
1906, and also studied law at the Univer- 
sity of Southern California, He entered the 
employ of the Westinghouse Electric and 
Manufacturing Company at East Pitts- 
burgh, Pa., in 1906, and the following year 
was transferred to the company’s sales 
office at Philadelphia, Pa., as understudy 
salesman. From 1908 to 1915 he was sales- 
man for the Philadelphia office, and for the 
next two years worked on application of 
motors to machine tools and various kinds 
of machinery. In 1917 he was put in charge 
of that work at East Pittsburgh. He went 
with the United States Bureau of Aircraft 
Production, procurement division, the fol- 
lowing year, and later went to Los Angeles, 
Calif., where he studied law and was ad- 
mitted to the bar in 1923. Since that time 
he had been engaged in general law practice 
in Los Angeles. 


William Norman McAnge, Jr. (A’25, M’28) 
president and treasurer, Inter-Mountain 
Telephone Company, Bristol, Tenn., died 
August 30, 1940. He was born at Suffolk, 
Va., August 1, 1882, and received the degree 
of bachelor of science from Virginia Poly- 
technic Institute in 1902. He was chief 
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engineer of the Atlantic Coast Construction 
Company, Suffolk, Va., 1902-06; sales engi- 
neer, Electric Heating Manufacturing Com- 
pany, Los Angeles, Calif., 1906-07; man- 
ager, Consolidated Telephone Company, 
Pittston, Pa., 1907. In 1908 he became 
manager of the Jackson (Tenn.) Home Tele- 
phone Company, and in 1910 became gen- 
eral manager of the Allen Telephone Proper- 
ties, which were operating telephone com- 
panies in Mississippi, Alabama, and Tennes- 
see. He was later made vice-president and 


then president of that group of companies.- 


In 1925 he assumed the positions with the 
Inter-Mountain Telephone Company which 
he held until his death. 


Harris A. Robbins (A’08, M’13) superintend- 
ent of power, Brooklyn-Manhattan Transit 
Corporation, Brooklyn, N. Y., died October 
25,1940. He was born at Southport, N. Y., 
August 9, 1879, and received the degree of 
bachelor of science in electrical engineering 
from Pennsylvania State College im 1901. 
He was employed by the Brooklyn Rapid 
Transit Company in 1901 and spent his en- 
tire career with that company and its suc- 
cessor, the Brooklyn-Manhattan Transit 
Corporation. He became assistant erecting 
engineer in 1903, assistant engineer on elec- 
trical design in 1905, and in 1907 was 
placed in charge of electrical design and 
construction of power station and substa- 
tions. Since 1909 he had held the position 
of superintendent of power. He was also a 
member of The American Society of Me- 
chanical Engineers and the American Elec- 
tric Railway Association. 


Albert Gail Fuller (A’37) electrician, Phelps 
Dodge Corporation, Ajo, Ariz., died March 
11, 1940, according to information just re- 
ceived. He was born at Los Angeles, Calif., 
December 21, 1903, and had been engaged 
in electrical work since 1924. During 1926— 
27 he was foreman of hydroelectric power- 
plant number 2 of the City of Los Angeles, 
Calif. He later was engaged on power 
house construction for the Southern Cali- 
fornia Edison Company, Ltd., at Long 
Beach, Calif.; was in charge of maintenance 
of electrical equipment for the Mutual Cot- 
ton and Oil Company, Phoenix, Ariz.; was 
employed on construction of powerhouse 
electrical equipment for the Calumet and 
Arizona Mining Company. From 1931 to 
1934 he engaged in electrical contracting in 
Los Angeles, and since 1934 had been em- 
ployed by the Phelps Dodge Corporation. 


Joseph Hegy (A’38) San Jose, Calif., died 
November 5, 1938, according to information 
just received. He was born at Minneapolis, 
Minn., June 14, 1907. He received the de- 
gree of bachelor of arts in 1935 from Stan- 
ford University, and later carried on gradu- 
ate work in electrical engineering at that 
institution. 


Correction 


William G. Quirk (A’16, M’27) engineer, 
division of street lighting and exterior elec- 
trical distribution, Department of Water 
Supply, Gas, and Electricity, City of New 
York, N. Y., died September 10, 1939, in- 
stead of September 10, 1940, as incorrectly 
reported in the November issue, page 474. 
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Retammended for Transfer 


The board of examiners, at its meeting on Novem- 
ber 14, 1940, recommended the following members 
for transfer to the grade of membership indicated. 
Any objection to these transfers should be filed at 
once with the national secretary. 


To Grade of Fellow 


Gardett, H. C., chief electrical engineer and general 
manager, Bureau of Power and Light, Los 
Angeles, Calif. 


1 to Grade of Fellow 


To Grade of Member 


Anderson, L, G., superintendent of rolling stock and 
shops, Indianapolis Railways, Indianapolis, 
Ind. 

Bateman, I. L., assistant engineer of distribution, 
Bureau of Power and Light, Los Angeles, Calif. 

Bauman, H. A., assistant superintendent, Brooklyn 
Edison Company, Brooklyn, N. Y. 

Cockaday, L. M., instructor of physics, United 
States Naval Academy, Annapolis, Md. 

DeBlieux, E. V., design engineer, General Electric 
Company, Pittsfield, Mass. ; 

Dingle, Howard, president, Cleveland Worm and 
Gear Company, Cleveland, Ohio. 

Kleinau, C. S., engineer, Southern California Tele- 
phone Company, Los Angeles, Calif. 

Marrison, W. A., research engineer, Bell Telephone 
Laboratories, New York, N. Y. 

Matthews, W. J., chief operator, Virginia Electric 
and Power Company, Fredericksburg, Va. 
Montgomery, T. B., control engineer, Allis-Chal- 
mers Manufacturing Company, Milwaukee, 

Wis. 

Poling, C. V., assistant electrical engineer, Tennes- 
see Valley Authority, Knoxville, Tenn. 

Rapp, Stanley, protection engineer, Pacific Tele- 
phone and Telegraph Company, San Francisco, 

alif. 

Smalley, D. F., electrical engineer, General Electric 
Company, West Lynn, Mass. 

Ver Planck, D. W., assistant professor of electrical 
engineering, Yale University, New Haven, 
Conn. 

Weeks, F. D., assistant engineer, Commonwealth 
Edison Company, Chicago, II]. 


15 to Grade of Member 


Applications for Election 


Applications have been received at headquarters 
from the following candidates for election to mem- 
bership in the Institute. Names of applicants in 
the United States and Canada are arranged by 
geographical Districts. If the applicant has ap- 
plied for direct admission to a grade higher than 
Associate, the grade follows immediately after the 
name. Any member objecting to the election of 
any of these candidates should so inform the na- 
tional secretary before December 31, 1940, or 
February 28, 1941, if the applicant resides outside 
of the United States or Canada. 


United States 


1. NortH EASTERN 


Dubinsky, B. A. M., General Electric Company, 
Schenectady, N. Y. 

Foley, E. P., New York, New Haven and Hartford 
Railroad Company, New Haven, Conn. 

Goetzl, M., Central New York Power Corporation, 
Syracuse, N. Y. 

Macintyre, J. R., General Electric Company, West 
Lynn, Mass, 

peauige A. E., General Electric Company, Lynn, 

ass. 

Walker, I., Walker Electrical Supply Company, 
: Worcester, Mass. 

White, J. F., New York, New Haven and Hartford 
Railroad, New Haven, Conn. 


2. MippL_r Eastern 


Adams, E., City Electrician, Mansfield, Ohio. 

Affanasiev, K. J. (Member), Pennsylvania Water 
_and Power Company, Baltimore, Md. 

Askin, W. T., United States Navy Department, 
Cleveland, Ohio. 

Clark, O. S. (Member), Copper Wire Engineering 
Association, Washington, D. C. 

Dawson, A. A., Public Service Commission of Vir- 
ginia, Charleston, W. Va. 

Edwards, H. E., Westinghouse Electric and Manu- 
facturing Company, Mansfield, Ohio. 

core. W., Bethlehem Steel Company, Baltimore, 


Howard, W. J., Columbus and Southern Ohio Elec- 
tric Company, Columbus, Ohio. 

Jedrziewski, A. A., West Penn Power Company, 
Greensburg, Pa. “ 

Koslow, J., Westinghouse Electric and Manufac- 
turing Company, Sharon, Pa. 
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Quatman, F. T., North Electric Manufacturing 
Company, Galion, Ohio. E 

Raybould, G. M., Reliance Electric and Engineering 
Company, Cleveland, Ohio. 


Richmond, N. E., The Autocall Company, Shelby, | 


Ohio. 

Silberman, A. H., Philadelphia Electric Company, 
Philadelphia, Pa. 

Stephens, R. L., Navy Department, Bureau of 
Ships, Washington, D. C. 

Warford, H. S., Westinghouse Electric and Manu- 
facturing Company, Philadelphia, Pa. 


3. New Yorxk City 


Barker, G. A. (Member), Johns-Mansville Sales 
Corporation, New York, N. Y. 

Eichna, O. L., Arma Corporation, Brooklyn, N. Y. 

Hight, S. C., Bell Telephone Laboratories, New 
Viotks Nek 

Humber, J. H., Arnessen Electric Company, New 
York, N. Y. 

Miller, R. J., Consolidated Edison Company of New 
York, Inc., New York, N. Y. 2 

Monti, L. P. (Member) Underwriters’ Laboratories, 
Inc., New York, N. Y. é 

Moore, J. A. (Member), Board of Transportation, 
BMT Division, Brooklyn, N. Y. 

Orfanos, C. J. G., Public Service Electric and Gas 
Company, Newark, N. J. 

Parkinson, G., Gibbs and Cox, Inc., New York, 
N. Y. 


Pearson, H. A., Sonotone Corporation, Elmsford, 
WG 


N.Y. 
St. John, J. H., Heyer Products Company, Belle- 
ville, N. J. 


4. SouTHERN 


Hardin, L. H. (Member), South Carolina Public 
Service Authority, Charleston, S. C. 

King, L. A., Clemson College, Clemson, S. C. 

McSwain, E. G., Oxford Orphanage, Oxford, N. C. 


5. GREAT LAKES 


Bailey, J. L., Southeastern Indiana Power Com- 
pany, Shelbyville, Ind. 
Comee, L. M., Cutler-Hammer, Inc., Milwaukee, 


Wis. 

Gremillion, B. X. (Member), Indiana Bell Tele- 
phone Company, Indianapolis, Ind. 

Morton, J. H. (Member), Consulting Engineer, 
Detroit, Mich. 

Oliphint, J. W., Westinghouse Electric and Manu- 
facturing Company, Detroit, Mich. 

Rutemiller, O. G. (Member), Westinghouse Electric 
and Manufacturing Company, Detroit, Mich. 

Taylor, O. R., American Telephone and Telegraph 
Company, Chicago, Ill 

Tighe, T. J., General Electric Company, Jackson, 

ich 


ich. 

Winter, L. A. (Member), Buell and Winter Engi- 
neering Company, Sioux City, Iowa. 

Youngdahl, C. H., Carnegie-Illinois Steel Company, 
Chicago, Il. 


6. NortH CENTRAL 


Kenyon, J. S., Public Service Company of Colorado, 
Denver, Colo. 

Thomas, D., Loup Power District, 
Nebr. 


Columbus, 


7. Souta West 


Barnard, C. F., General Electric X-Ray Corpora- 
tion, Tulsa, Okla. 

Cuadra, M. J., Missouri Gas and Electric Service 
Company, Lexington, Mo. 

Curry, O. B., Kansas Gas and Electric Company, 
Wichita, Kans. 

Eaton, C. B., Texas Electric Service Company, 
Eastland, Tex. 

Forsman, M. E., American Smelting and Refining 
Company, El Paso, Tex. 

Plog, K., American Telephone and Telegraph Com- 
pany, Wichita, Kans. 


8. PaciFic 


Tay A East Bay Transit Company, Oakland, 
alif. 


9. NortH WEsT 


Gallotte, W. A., Puget Sound Power and Light 
Company, Seattle, Wash. 

Kucera, C. F., Washington Water Power Company, 
Spokane, Wash. 

Madden, G. T., Puget Sound Power and Light Com- 

; pany, Seattle, Wash. 

Small, L. C., Washington Water Power Company, 
Spokane, Wash. 


10. CANADA 


Hoppe: G. P., Defence Industries, Limited, Nobel, 

nt. 

Noakes, F., University of Toronto, Toronto, Ont. 

Partello, T. E., Hydro Electric Power Commission, 
Toronto, Ont. 


Total, United States and Canada, 63 


Elsewhere 


Mahmud, S. S., Public Works Department, Mohlan, 
Sheikhupura, India. 


Palmer, W. C., Frontino Gold Mines Limited, 
Segovia, Antioquia, Republic of Colombia. 


Total, elsewhere, 2 
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National Resources Berd 
Seeks Roster of Scientific Personnel 


According to information recently released 
over the signature of Leonard Carmichael, 
director, the United States Government 
through the National Resources Planning 
Board is now engaged in developing a 
“Roster of Scientific and Specialized Per- 
sonnel for the purpose of providing a com- 
prehensive list of highly trained Americans 
possessing special ability in their respective 
fields.” The roster is reported as being 
jointly administered by the National Re- 
sources Planning Board and the United 
States Civil Service Commission, with 
representatives of the National Research 


_ Council, the Social Science Research Coun- 


cil, the American Council of Learned Socie- 


ties, the American Council on Education, 


and other national societies as members of 
an advisory committee. James C. O’Brien 
of the staff of the United States Civil Service 
Commission is listed as executive officer of 
the project, and Leonard Carmichael is 
listed as director. 

The information necessary for the de- 
velopment of the proposed roster is being 
secured through the circulation of question- 
naires in various engineering, scientific, and 
technical channels. Although the letter of 
transmittal with the questionnaire now be- 
ing circulated through electrical-engineering 
channels makes no reference to national de- 
fense, national defense was the basis of 
assistance and co-operation recently re- 
quested of President R. W. Sorensen and 
National Secretary H. H. Henline of AIEE 
incidental to the preparation of the ‘‘techni- 
eal check list’”’ and distribution of it and the 
Planning Board’s questionnaire for electri- 
cal engineers. In this assistance and co- 
operation these officers have made no direct 
or implied obligation upon the membership, 
as each member of course has the privilege 
of handling his questionnaire as he sees fit. 


Committee for Child Refugees 
Will Continue Work 


To learn first hand the attitude of the 
British government toward the evacuation 
of children from the war zone, Eric H. 
Biddle, vice-president and executive direc- 
tor of the United States Committee for the 
Care of European Children, Inc., recently 
made an air trip to England for conferences 
with British authorities and other persons 
active in public life. Mr. Biddle has re- 
ported that he ‘‘received the most eloquent 
evidence of the warm appreciation which 
leaders of the government of Great Britain 
feel for the generosity of the American peo- 
ple in offering thousands of homes for 
British children.”’ 

It is Mr. Biddle’s opinion that some offi- 
cial program for the overseas evacuation of 
British children, suspended for the time 
being because of weather and other hazards 
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in the North Atlantic, will be resumed in 
the spring of 1941. Meanwhile, a limited 
number of children will be sent by their 
parents on regular passenger sailings. 
Hence, the activities of the United States 
Committee (EE, Sept. 40, p. 382) are to be 
continued. 

The Committee, Mr. Biddle’s report 
states, ‘‘will keep a relatively small staff on 
duty at its national headquarters, 215 
Fourth Avenue, New York, N. Y., to carry 
out its continuing responsibilities for the 
children who have come to this country un- 
der its auspices. . . 

“The Committee is now responsible to 
the parents in England for 1,000 children. . . 
and has a moral responsibility for at least 
3,000 other children who have arrived in- 
dependently. . . . The young guests who 
have been brought here under the auspices of 
the United States Committee have been 
placed in 40 different communities, with 
New York, N. Y., Boston, Mass., Rochester, 
N. Y., Worcester, Mass., Philadelphia, Pa., 
and Canton, Ohio, having received the 
greatest numbers. 

“The United States Committee is study- 
ing the possibilities of evacuation of children 
from countries in the war zone other than 
Great Britain. Enormous practical difficul- 
ties stand in the way, but all possibilities 
will be studied.” 
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Defense Training for Engineers 
To Be Financed by Government 


A $9,000,000 program for intensive train- 
ing of personnel for the defense needs of 
Government and industry in the United 
States is to be carried on through qualified 
engineering schools, according to recent 
announcement from the Federal Security 
Agency, United States Office of Education. 

Text of the announcement follows. 


Accepting the almost unanimous offers of 
American engineering schools to assist in 
the training of defense personnel, Paul V. 
McNutt, administrator of the Federal Se- 
curity Agency, today announced plans for 
the establishment in qualified educational 
institutions of special courses, to be given 
at Government expense, for the intensive 
training of over 30,000 students with tech- 
nical backgrounds, to meet future needs of 
both industry and Government in carrying 
out the defense program. 

Funds to finance this program were voted 
by Congress in the recent supplementary 
defense appropriation act, which provides 
$9,000,000 to be expended for this purpose 
under the direction of John W. Studebaker, 
United States commissioner of education, 
who is also giving general supervision to a 
companion program of vocational training 
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in the nation’s vocational schools. Allot- 
ments will be made to the co-operating in- 
stitutions to meet expenses incurred in giv- 
ing instruction under the plan. 

Courses of study will be given by the 
colleges both for those able to devote their 
entire time to preparation for future defense 
jobs and for workers now employed who de- 
sire to fit themselves for more responsible 
assignments. All instruction will be of col- 
lege grade equivalent to that given regular 
candidates for a degree, but the special 
courses, which will require from two to 
eight months of study, will concentrate 
upon training of immediate practical appli- 
cation to specific defense jobs. Classes will 
be held both at the engineering schools and 
in or near industrial plants for the benefit of 
part-time and evening students. The regu- 
lar college teaching staffs will be supple- 
mented by additional teachers, including 
specially qualified men from the industries 
to be served. 


TYPE OF TRAINING 


Actual and potential needs for additional 
technical and supervisory personnel will de- 
termine the specific courses to be offered 
and every effort will be made to maintain a 
continuous balance between the supply of 
trainees and demands for their services. 
The first courses to be established will be 
designed to forestall potential shortages of 
inspectors of materials, chemicals, explo- 
sives, instruments, and power units; de- 
signers of machinery, equipment, tools and 
dies, and aircraft power plants, structures, 
and instruments; production engineers and 
supervisors; physical metallurgists; marine 
engineers and naval architects. As other 
needs become apparent, additional courses 
will be added to this program. 

Qualifications for enrollment will be de- 
termined by the institutions giving the 
courses in accordance with general rules 
suggested by the United States Office of 
Education. In most cases, students will be 
selected from those who have previously 
had some technical training or its equivalent 
in practical experience which must be re- 
freshed or supplemented to fit them to 
perform specific technical or supervisory 
duties. The program will not conflict with 
the vocational training courses also being 
administered by the Office of Education 
through the several State boards for voca- 
tional education, nor will it displace regular 
undergraduate courses given by the co- 
operating colleges. 


COLLEGES SUGGEST COURSES 


Participation in the program is limited to 
institutions that offer regular engineering 
curricula leading to a degree and which 
operate under charters exempting them from 
taxation. About 150 engineering schools in 
State universities, land-grant colleges, and 
private colleges and universities are eligible. 
Those desiring to take part have already 
been invited to submit preliminary plans 
stating the need for trained technicians in 
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their areas, the facilities and personnel they 
have available for giving the necessary 
courses, the number of students that can be 
taught, and the approximate cost of in- 
struction. These purposes will be adjusted 
to a co-ordinated plan for the country as a 
whole, after which authorization will be 
given to proceed with the enrollment of 
students. An announcement of the first 
courses to be offered, and the institutions 
where they will be available, will be made 
about November 15, and instruction should 
begin shortly thereafter. 

Federal allotments to the participating 
colleges may be used to meet the costs of 
salaries, materials and supplies, reference 
books, the operation of buildings, the main- 
tenance and repair of equipment, and, to a 
limited extent, the purchase or rental of 
additional equipment and the leasing of 
space in noncollege buildings. No expendi- 
tures are authorized for the purchase or con- 
struction of buildings, nor is provision made 
to defray the living expenses of students. 
Students will pay no tuition charges. 


DEFENSE NEEDS STUDIED 


The training program is the outgrowth of 
several months of preliminary investigation 
by the United States Office of Education 
into needs for technically trained personnel. 
During the past summer a preliminary sur- 


vey of the situation was made by Andrey A. 
Potter, dean of the school of engineering of 
Purdue University, working with Federal 
agencies and with industries in the defense 
program. This is now being supplemented 
by sample investigations in specific areas, 
including New York City, Philadelphia, 
Pittsburgh, Chicago, and San Francisco, 
under the direction of Dean Potter, H. P. 
Hammond, dean of engineering, Pennsyl- 
vania State College; Thorndike Saville, 
dean of engineering, New York University; 
and Professor B. M. Woods, department of 
mechanical engineering, University of Cali- 
fornia. The data so obtained will guide in 
determining the first courses to be given, 
and the methods to be used in determining 
further needs. : 

Further to determine training needs as 
they develop, the Office of Education has 
just completed arrangements under which 
selected colleges and universities have made 
available 22 regional advisers (see accom- 
panying table) who will serve without com- 
pensation. Each of these will act, within 
his own territory, as a liaison officer main- 
taining continual contact with defense in- 
dustries, Army and Navy district offices, 
employment services, and other sources of in- 
formation on personnel needs, as well as 
with local engineering schools equipped to 
meet demands for training courses as they 


Engineering Defense Training—Regional Advisers 


Region 
Adviser Institution Area for Supervision Number 

Dean E. L. Moreland....... Massachusetts Institute of....Maine, Massachusetts, New.... 
Technology, Cambridge Hampshire, and Vermont 

Profs ly En ceeley.yspeienceice: Yale University, New Haven,....Connecticut and Rhode Island.... 2 
Conn, 

Dean S.'C: Hollister.......- Cornell University, Ithaca,....New York State (except New.... 3 
INO York City) 

Deanne wWesarkerwerurc. cere Columbia University, New....New York City and Long Is-.... 4 
York, N. Y. Fi land 

Pres. A. R. Cullimore....... Newark College of Engineer-....Northern New Jersey............ 
ing, Newark, N. J. 

Wirt SDiVveVstisccoe ionic ce telee Drexel Institute of Technology,.... Eastern Pennsylvania, southern.... 6 
Philadelphia, Pa. New Jersey, and Delaware 

Dean S. S. Steinberg........ University of Maryland, Col-....District of Columbia and east-.... 7 
lege Park ern Maryland 

Dean Blake R. Van Leer....North Carolina State College,....North Carolina, South Carolina,.... 8 
Raleigh and Virginia 

Prof, J. E. McDaniel........ Georgia School of Technology,....Alabama, Florida, Georgia,.... 9 
Atlanta Mississippi, and eastern 

Tennessee 


Dean F. L. Wilkinson, Jr... 


. University of Louisville, Louis-... 


.Kentucky, Southern Ohio, and....10 


ville, Ky. southwestern half of West 
Virginia 
Fd Cate V a eta abe acta Carnegie Institute of Tech-....Western half of Pennsylvania,....11 


nology, Pittsburgh, Pa. 


northeastern half of West 
Virginia and western Mary- 


land 
Dean C. E. MacQuigg...... Ohio State University, Colum-,...Northern half of Ohio............. i 
bus 
Dean. By Dirksie... ace. Michigan State College,Lansing. ...Southern Michigan............... 13 
Press b.serentices er ania: Rose Polytechnic Institute,....Indiana (except for Chicago....14 
Terre Haute, Ind. industrial area) 
Presi rian eal dienes Illinois Institute of Technol-....Ilinois, southern Wisconsin,....15 


ogy, Chicago 


and the Chicago industrial 
area in Indiana 


Protas ©. Croity enc cscs University of Iowa, Iowa City... .lowa, Minnesota, Nebraska,....16 
North Dakota, South Dakota, 
northern Wisconsin, and 
northern Michigan 

Dean’ RA. Seaton......,..;: Kansas State College, Man-..,.Arkansas, Kansas, Missouri,....17 

: hattan Oklahoma, western Tennessee 

Dean W. R. Woolrich.......University of Texas, Austin...... Louisiana and Texas (east of....18 
Pecos River) 

Pres. M. F. Coolbaugh...... Colorado School of Mines,....Colorado and Wyoming....... 19 

Golden > hee 

Prof. R. L. Daugherty...... California Institute of Tech-....Arizona, New Mexico, southern. .. .20 


nology, Pasadena 


California, and Texas (west 
of Pecos River) 


Dean S. B. Morris.......... Stanford University, Stanford. ...Northern California, Nevada,....21 
University, Calif. and Utah , 

Prof. H. H. Langdon,....... State College of Washington,...,Idaho, Montana, Oregon, and... .22 
Pullman Washington 
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arise. These men will keep the Washington 
headquarters continually informed so that — 
deficiencies in any one region may be met, 


.if necessary, by training students in other 


places where facilities are available. In 
this way a national program will be evolved 
that will continually adjust itself to chang- 
ing conditions both in industry and as re- 
gards the technical personnel requirements 
of the Federal Government. Authorization 
of courses not only will conform to the needs 
so developed, but also will take into account 
the staff, equipment, and buildings at the 
various institutions and the availability of 
qualified students. 

As the program develops arrangements 
will be made to facilitate the placement of 
students in defense positions as they com- 
plete their training. Much of this will be 
done by direct contacts between the engi- 
neering schools and near-by industries, but 
students will also have available the facili- 
ties of State and Federal employment 
offices and the United States Civil Service 
Commission. 

Closely co-operating in the development 
of the program is the advisory committee on 
engineering training for national defense, 
the appointment of which was announced by 
Commissioner Studebaker on September 26 
(EE, Nov. ’40, p. 478). Assisting Com- 
missioner Studebaker and Doctor Fred J. 
Kelly, chief of the division of higher educa- 
tion, under whose immediate jurisdiction 
the program falls, will be a small staff of 
specialists now being selected. 


Lighting Conference at University of Texas. 
The College of Engineering at the Univer- 
sity of Texas, Austin, will sponsor the first 
Southwest Lighting Conference, to be held 
at the University January 9-11, 1941. 
Fluorescent light sources and their applica- 
tion and other recent developments in 
lighting techniques will be featured on the 
program. Conference participants will in- 
clude members of the southwest section of 
the Illuminating Engineering Society, archi- 
tects, representatives of the lighting indus- 
try, and members of the Texas State De- 
partment of Health. 


Notes on List of Accredited Curricula 
(See Facing Page) 


(a). Accrediting applies to both the day and even- 
ing curricula, 


(b). Accrediting applies to the 4-year and 5-year 
curricula leading to the bachelor of science degree. 


(c). Accrediting applies to day curriculum only. 
Action on evening curriculum deferred pending 
granting of degrees. 


(d). Accrediting applies only to curriculum as sub- 
mitted to ECPD and upon completion of which a 
certificate is issued by Harvard University certify- 
ing that the student has pursued such a curriculum. 


(e). The accrediting of a curriculum in general 
engineering implies satisfactory training in engi- 
neering sciences and in the basic subjects pertaining 
to several fields of engineering; it does not imply 
the accrediting, as separate curricula, of those com- 
ponent portions of the curriculum such as civil, 
mechanical, or electrical engineering that are usually 
offered as complete professional curricula leading to 
degrees in these particular fields. 


(f). On July 24, 1940, Ilinois Institute of Tech- 
nology was formed by the consolidation of Armour 
Institute of Technology and Lewis Institute. 
Curricula now listed under Illinois Institute of 


Technology were formerly listed under Armour In- 
stitute of Technology. 
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‘University of Alabama: Aeronautical, 
civil, electrical, industrial, mechanical, 


mining 


Alabama Polytechnic Institute: Elec- 


| trical, mechanical 


University of Alaska: Civil 


University of Arizona: Civil, 
trical, mechanical, mining 


elec- 


University of Arkansas: 
trical, mechanical 


Brooklyn Polytechnic Institute: Cham. 
‘ical (day and 8-year evening), civil (a), 
electrical (a), mechanical (a) 


Brown University: Civil, 
mechanical 


Bucknell University: Civil, electrical, 
mechanical 


Civil, elec- 


electrical, 


University of California: Civil, elec- 
trical, mechanical, metallurgical (met- 
allurgy), mining, petroleum 


California Institute of Technology: 
Aeronautical (5- and 6-year courses), 
chemical (5-year course), civil, elec- 
trical, mechanical 


Carnegie Institute of Technology: 
Chemical, civil (a), electrical (a), in- 
dustrial (management) (a), mechani- 
cal (a), metallurgical (a) 


Case School of Applied Science: 
Chemical, civil, electrical, mechanical, 
metallurgical 


Catholic University of America: Aero- 
nautical, architectural, civil, electrical 
University of Cincinnati: Aeronauti- 
cal, chemical, civil, electrical mechani- 
cal. 

The Citadel: Civil 


Clarkson College of Technology: 
Chemical, civil, electrical, mechanical 


Clemson Agricultural College: Civil, 


electrical, mechanical 


College of the City of New York (a): 
Civil, electrical, mechanical 


University of Colorado: Architectural, 
civil, electrical, mechanical 


Colorado School of Mines: Geologi 
cal, metallurgical, mining, petroleum 


Colorado State College: Civil, elec- 


trical, mechanical 


Columbia University (5): Chemical, 
civil, electrical, industrial, mechanical, 
metallurgical, mining 


University of Connecticut: Civil, elec- 
trical 


Cooper Union Institute of Technology 
(c): Civil, electrical, mechanical 


Cornell University: Chemical, civil, 
electrical, industrial (administrative), 
mechanical 


Dartmouth College: Civil 


University of Delaware: 
trical, mechanical 


Civil, elec- 


University of Denver: Electrical 


University of Detroit: 
architectural, chemical, 
trical, mechanical 


Drexel Institute: Chemical, civil, elec- 
trical, mechanical 


Aeronautical, 
civil, elec- 


Duke University: Civil, electrical, me- 
chanical 

University of Florida: Civil, electrical, 
industrial, mechanical 

Georgia School of Technology: Aero- 
nautical. chemical (including co-opera- 
tive curriculum), civil, electrical, me- 
chanical 

George Washington University: Civil, 
electrical, mechanical 
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Harvard University (d): Civil, com- 
munication, electrical, industrial (en- 
gineering and business administra- 
tion),mechanical, metallurgical (physi- 
cal metallurgy), sanitary 


University of Idaho: Civil, electrical, 


mechanical, metallurgical (metal- 
lurgy), mining 
University of Illinois: Architectural, 


ceramic (technical option), chemical, 
civil, railway civil, electrical, railway 
electrical, general (e) mechanical, rail- 
way mechanical, metallurgical, mining 


Illinois Institute of Technology (Ar- 
mour College of Engineering) (f): 
Chemical, civil, electrical, mechanical 


Iowa State College: Agricultural, 
architectural, ceramic, chemical, civil, 
electrical, general (¢), mechanical 


State University of Iowa: Chemical, 
civil, electrical, mechanical 


Johns Hopkins University: Chemical, 
civil, electrical, mechanical 


University of Kansas: Architectural, 
civil, electrical, mechanical, mining 


Kansas State College: Agricultural, 
architectural, civil, electrical, me- 
chanical 


University of Kentucky: Civil, elec- 
trical,” mechanical, metallurgical, min- 
ing 

Lafayette College: Civil, 
industrial (administrative), 
cal, metallurgical, mining 


Lehigh University: Chemical, civil, 
electrical, industrial, mechanical, met- 
allurgical, mining 


electrical, 
mechani- 


Louisiana State University: Chemi- 
eal, civil, electrical, mechanical, pe- 
troleum 

University of Louisville: 
civil, electrical, mechanical 


Chemical, 


University of Maine: Civil, electrical, 
general (e), mechanical 


Manhattan College: Civil, electrical 


Marquette University: Civil, electri- 


cal, mechanical 


University of Maryland: Civil, elec- 
trical, mechanical 


Massachusetts Institute of Technol- 
ogy: Aeronautical, building engineer- 
ing and construction, chemical, civil, 
electrical, electrochemical, general (e), 
industrial (business and engineering 
administration), mechanical, metal- 
lurgical (metallurgy), naval architect- 
ure and marine engineering (including 
marine transportation), public health, 
sanitary 


University of Michigan: Aeronautical, 
chemical, civil, electrical, engineering 
mechanics, mechanical, metallurgical, 
naval architecture and marine engi- 
neering, transportation 


Michigan College of Mining and Tech- 
nology: Civil, electrical, mechanical, 
metallurgical, mining 


Michigan State College: Civil, elec- 
trical, mechanical 
University of Minnesota: Aeronauti- 


cal, chemical, civil, electrical, mechani- 
cal, metallurgical, mining, petroleum 


University of Missouri: Chemical, 


civil, electrical, mechanical 


Missouri School of Mines and Metal- 
lurgy: Ceramic, civil, electrical, 
metallurgical, mining (mine) (includ- 
ing petroleum option) 


Montana School of Mines: 
cai, metallurgical, mining 


Montana State College: 
trical, mechanical 


Geologi- 


Civil, elec- 


University of Nebraska: Agricultural, 
architectural, civil, electrical, me- 
chanical 


University of Nevada: Electrical, me- 
chanical, mining 


University of New Hampshire: Civil, 
electrical, mechanical 


University of New Mexico: Civil, elec- 
trical, mechanical 


New Mexico State College: 
electrical, mechanical 


Civil, 


New Mexico School of Mines: Geologi- 
cal (both mining and petroleum op- 


tions), metallurgical, mining, pe- 
troleum 
New York University: Aeronautical, 


chemical (day and 7-year evening), 
civil (a), electrical (a), industrial 
(administrative), mechanical 


New York State College of Ceramics 
(at Alfred University): Ceramic 


Newark College of Engineering: Civil, 
electrical, mechanical 


North Carolina State College: 
ramic, civil, electrical, mechanical 


University of North Dakota: Chemi- 
cal, civil, electrical, mechanical, min- 
ing 


North Dakota Agricultural College: 
Architectural, mechanical 


Ce- 


Northeastern University: Civil, elec- 
trical, industrial, mechanical 


Northwestern University: Civil, elec- 
trical, mechanical 


Norwich University: Civil, electrical 


Ohio State University: Ceramic, 
chemical, civil, electrical, industrial, 
mechanical, metallurgical, mining 
(mine) 

University of Oklahoma: Architec- 


tural, chemical, civil, electrical, 
chanical, petroleum 


me- 


Oklahoma Agricultural and Mechani- 


cal College: Civil, electrical, indus- 
trial, mechanical 

Oregon State College: Civil, elec- 
trical, mechanical 

University of Pennsylvania: Chemi- 
eal, civil, electrical, mechanical 
Pennsylvania State College: Archi- 


tectural, ceramic (ceramics), chemical, 
civil, electrical, electrochemical, fuel 
technology, industrial, mechanical, 
metallurgical (metallurgy), mining, 
petroleum and natural gas, sanitary 


University of Pittsburgh: Chemical, 
civil, electrical, industrial, mechani- 
cal, metallurgical, mining, petroleum 


Pratt Institute: Electrical, mechanical 


Princeton University: Chemical, civil, 
electrical, mechanical 
civil, 


Purdue University: Chemical, 


electrical, mechanical 


Rensselaer Polytechnic Institute: 
Aeronautical, chemical, civil, electri- 
cal, industrial, mechanical, metallurgi- 
cal 


Rhode Island State College: 
electrical, mechanical 


Civil, 


Rice Institute: Civil, electrical, me- 


chanical 
Mechanical 
Civil, 


University of Rochester: 
Rose Polytechnic Institute: 
electrical, mechanical 


Rutgers University: Civil, electrical, 


mechanical, sanitary 
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List of Undergraduate Curricula Accredited by ECPD as of October 24, 1940 


(Subject to revision. For basis of accrediting see ELECTRICAL ENGINEERING, December 1938, page 515, report of ECPD eighth annual meeting 


elsewhere in this issue.) 


University of Santa Clara: Civil, elec- 
trical, mechanical 


South Dakota State College: 
electrical, mechanical 


South Dakota State School of Mines: 
Civil, electrical, metallurgical, mining 


Civil, 


University of Southern California: 
Petroleum 


Southern Methodist University: Civil, 
electrical, mechanical 


Stanford University: Civil, electrical, 
mechanical, metallurgical, mining, pe- 
troleum 


Stevens Institute of Technology (e): 
General 


Swarthmore College: Civil, electrical, 
mechanical 


Syracuse University: Chemical, civil, 
electrical, industrial (administrative), 
mechanical 


University of Tennessee: 
civil, electrical, mechanical 


Chemical, 


University of Texas: Architectural, 
civil, electrical, mechanical, petroleum 
(petroleum production) 


Agricultural and Mechanical College 
of Texas: Civil, electrical, mechanical, 
petroleum (4- and 5-year courses) 
Texas Technological College: Civil, 
electrical, mechanical 


Tufts College: 
chanical 


Civil, electrical, me- 


Tulane University of Louisiana: Civil, 
electrical, mechanical 


University of Tulsa: Petroleum (in- 
cluding options in refining and produc- 
tion) 


Union College: Civil, electrical 


United States Coast Guard Academy 
(e): General 


University of Utah: Civil, electrical, 
mechanical, metallurgical, mining 


Utah State Agricultural College: Civil 


Vanderbilt University: Civil, electri- 
cal, mechanical 


University of Vermont: Civil, electri- 
cal, mechanical 


University of Virginia: Civil, electri- 


cal, mechanical 

Virginia Military Institute: Civil, elec- 
trical 

Virginia Polytechnic Institute: Ce- 
ramic, chemical, civil, electrical, indus- 
trial, mechanical 


Washington University: Architectural, 
civil, electrical, industrial (administra- 
tive), mechanical 


University of Washington: Aeronauti- 
cal, ceramic, chemical, civil, electrical, 
mechanical, metallurgical, mining 


State College of Washington: Archi- 
tectural, civil, electrical (basic and 
hydroelectric options), mechanical 
(basic option), metallurgical, mining 


Webb Institute of Naval Architecture: 
Naval architecture and marine engi- 
neering 

West Virginia University: Civil, elec- 
trical, mechanical, mining 


University of Wisconsin: Chemical, 
civil, electrical, mechanical, metallur- 
gical, mining 

Worcester Polytechnic Institute: Civil, 
electrical, mechanical 


Yale University: Chemical, civil, elec- 
trical, mechanical, metallurgical 
(metallurgy) 
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John Fritz Medal 
Awarded to Ralph Budd 


The John Fritz Medal, conferred by the 
four national societies of civil, electrical, 
mechanical, and mining and metallurgical 
engineers in recognition of notable scientific 
and industrial achievement, has been 
awarded for 1941 to Ralph Budd, president 
of the Chicago, Burlington, and Quincy 
Railroad, for ‘improvement of railroad 
tracks and service, especially the introduc- 
tion of lightweight streamlined trains.” 

Mr. Budd was born August 20, 1879, at 
Waterloo, Iowa, and received the degree of 
bachelor of science in civil engineering at 
Highland Park College in 1899. He was 
with the engineering department of the 
Chicago Great Western Railway, 1899-1902, 
and with the Chicago, Rock Island, and Pa- 
cific Railway, 1902-06, advancing to divi- 
sion engineer. From 1906 to 1909 he was 
chief engineer of the Panama Railroad, and 
from 1909 to 1912 chief engineer of the Ore- 
gon Trunk Railway, Spokane, Portland, and 
Seattle Railway, and the Spokane and In- 
land Empire Railroad. He went with the 
Great Northern Railway in 1913 as as- 
sistant to the president and chief engineer, 
becoming executive vice-president in 1918 
and president in 1919. Since 1982 he has 
been president of the Chicago, Burlington, 
and Quincy Railroad and its various sub- 
sidiaries, During 1930 he inspected and re- 
ported upon rehabilitation of railways in the 
Soviet Union. He is a member of the Ameri- 
can Society of Civil Engineers, American 
Railway Engineering Association, and West- 
ern Society of Engineers. 

Regarded as the highest honor of the 
engineering profession, the John Fritz 
Medal is awarded not oftener than once a 
year, without restriction on account of 
nationality or sex, by a joint board com- 
posed of four members from each of the 
founder societies. AITEE representatives 
on the present board, all past presidents, 
are: A. M. MacCutcheon (A’12, F’26), W. 
H. Harrison (A’20, F’31), John C. Parker 
(A’04, F’12), F. M. Farmer (A’02, F’13). 
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NRC Insulation Conference 


Held in Washington, D. C. 


With a registered attendance of 102, the 
13th annual session of the National Research 
Council’s conference on electrical insula- 
tion was held in Washington, D. C. from 
October 30 to November 2, 1940. The 
Friday morning technical session was held 
at the National Bureau of Standards, the 
other three technical sessions were held in 
the National Research Council’s rooms in 
the National Academy of Sciences building. 

The opening general session was addressed 
by Doctor Ross G. Harrison, chairman of 
National Research Council, and by Doctor 
Vannevar Bush, vice-chairman of NRC’s 
division of engineering and industrial re- 
search and chairman of the National De- 
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fense Research Commission. Doctor Har- 
rison briefly outlined the 77-year history of 
the National Academy of Sciences and ex- 
plained the relationship of National Re- 
search Council as the Academy’s operating 
agency. He pointed out that National Re- 
search Council, set up in 1916 as a consult- 
ing body to study the scientific aspects of 
World War problems, was made a perma- 
nent organization in 1918 to stimulate re- 
search on national defense and other prob- 
lems of broad importance. Doctor Bush 
explained more of Council’s activities, 
pointing out that it functions to bring to- 
gether diverse groups of scientific thought, 
with special emphasis on problems of na- 
tional significance. In necessarily general 
terms Doctor Bush indicated something of 
the scope and importance of Council’s work 
incidental to current national defense prob- 
lems and its co-operation with such other 
vital agencies as the National Advisory 
Committee on Aeronautics and the National 
Defense Research Commission, a subor- 
ganization of the Council of National De- 
fense, the purpose of which is to accelerate 
civilian research for the benefit of govern- 
ment. 

By official action, Doctor Ward F. David- 
son (A’14, F’26) director of research for the 
Consolidated Edison Company of New 
York, Inc., will continue as chairman of the 
insulation conference. With new appoint- 
ments and holdover officers, the executive 
committee of the conference now is consti- 
tuted as follows: 


W. F. Davidson, Consolidated Edison Company, 
New York, N. Y., chairman 


S. O. Morgan, Bell Telephone Laboratories, New 
York, vice-chairman 


Thorstein Larsen, Consolidated Edison Company, 
New York, secretary 


H. H. Race, General Electric Company, Schenec- 
tady, N. Y., chairman, committee on physics 


Arthur von Hipple, Massachusetts Institute of 
Technology, Cambridge, vice-chairman, committee 
on physics 

R. N. Evans, Consolidated Edison Company, New 
York, chairman, committee on chemistry 


G. T. Kohman, Bell Telephone Laboratories, New 
York, vice-chairman, committee on chemistry 


C. F. Hill, Westinghouse Electric and Manufactur- 
ing Co., East Pittsburgh, Pa., chairman, committee 
on monographs 


H. N. Curtis, Bureau of Standards, Washington, 
Drice 


W. A. Del Mar, Phelps Dodge Copper Products 
Corporation, Yonkers, N. Y. 


J. B. Whitehead, The Johns Hopkins University, 
Baltimore, Md. 


Continuing its customary practice, the 
conference included on its Washington 
program 22 informal technical presentations 
in the nature of progress reports indicating 
the status and trend of physical, chemical, 
and electrical research of significance in the 
field of electrical insulation. It is expected 
that a comprehensive report reflecting the 
nature and scope of the material presented 
at Washington will be available for an early 
issue of ELECTRICAL ENGINEERING, 

The date and location of the 1941 con- 
ference was left open, pending developments. 


ECPD Elects Officers 
at Annual Meeting 


At the 1940 annual meeting of the Engi- 
neers’ Council for Professional Development 
held on October 24 at the University Club, 


Of Current Interest 


Pittsburgh, Pa., R. E. Doherty (A’16, F’39) 
president, Carnegie Institute of Technology, 
was elected chairman and Harry T. Wool- 


son, executive engineer, the Chrysler Cor-_ 


poration, was elected vice-chairman. 
George T. Seabury, secretary of the American 
Society of Civil Engineers, becomes secre- 
tary and H. H. Henline (A’19, M’26) na- 
tional secretary, AIEE, assistant secretary. 


The following committee chairmen also were | 


elected at the Pittsburgh meeting: 


A. A. Potter, past president, The American Society 
of Mechanical Engineers, committee on engineering 
schools 

Charles F. Scott (A’92, F’25, HM’29) past president 
AIEE, Society for the Promotion of Engineering 
Education, and the National Council of State 
Boards of Engineering Examiners, committee on 
professional recognition 

R. L. Sackett, past president, SPEE, committee on 
student selection and guidance 


S. D. Kirkpatrick, editor, Chemical and Metallurgi- 
cal Engineering, committee on professional training 


E. R. Needles, of Ash-Howard-Needles and Tam- 
men, New York, N. Y., ways and means committee. 


ENGINEERING INSTITUTE OF CANADA 
BECOMES MEMBER 


By unanimous vote of the Council, the 
Engineering Institute of Canada became the 
eighth participating body of ECPD. A 
delegation of members of the Institute, 
headed by Past President J. B. Challies, 
was present. Dr. Challies, speaking on be- 
half of the president of the EIC, expressed 
the Institute’s appreciation of the action by 
which it had become more closely affiliated 
with engineering bodies in the United States 
and announced the names of the Institute’s 
representatives: J. M. R. Fairbairn, A. 
Surveyer, and J. B. Challies, all past presi- 
dents of the Institute. He also introduced 
the other members of the delegation, Pro- 
fessor C. R. Young, of the University’ of 
Toronto, who was appointed to the commit- 


Future Meetings of Other Societies 


American Association for the Advancement of 
Science. December 27, 1940-January 2, 1941, 
Philadelphia, Pa. 


American Institute of Mining and Metallurgical 
Engineers. Annual meeting, February 17-20, 
1941, New York, N. Y. 


American Mathematical Society. 
Meeting, December 31, 
New Orleans, La. 


47th Annual 
1940-January 1, 1941, 


American Physical Society. 
cember 1940, Pasadena, Calif. 


239th meeting (annual), December 26-28, 1940, 
Philadelphia, Pa. 


240th meeting, February 21-22, 1941, Cambridge, 
Mass. 


238th meeting, De- 


American Society of Civil Engineers. Annual 
meeting, January 15-18, 1941, New York, N. Y. 


American Society for Testing Materials. Spring 
meeting, March 3-7, 1941, Washington, D. C. 


American Society of Heating and Ventilating Engi- 
neers, 47th annual meeting, January 27-29, 1941, 
Kansas City, Mo. 


Engineering Institute of Canada. Annual meeting, 
February 6-7, 1941, Hamilton, Ont., Canada. 


Institute of Radio Engineers. 16th annual con- 
vention, January 9-11, 1941, New York, N. Y. 


National Exposition of Power and Mechanical 
Engineering, 14th. December 2-7, 1940, New 
York, N. Y. 


Society of Automotive Engineers. Annual meet- 
ing, January 6-10, 1941, Detroit, Mich. 
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tee on professional training; H. F. Bennett, 
> becomes a member of the committee on 
tudent selection and guidance; and L. 
Austin Wright, general secretary, EIC. 
i ames A. Vance, who was not present, will 
serve on the committee on professional 
recognition. 


REPORTS STATUS OF ACCREDITING 


For the committee on engineering schools, 
whose principal function has been the ac- 
crediting of curricula, Dean Potter reported 
as chairman. Incident to its accrediting 
program the committee has given advice in- 
rmally to schools requesting it. 
October 20, 1939, curricula to the number of 
433 had been accredited unconditionally, 82 
for a limited period, and, 172 had not been 
accredited. During 1939-40 visits were 
made to 22 institutions for the purpose of 
reinspecting 70 curricula on the accredited 
list, and 17 institutions were visited in order 
© appraise 32 curricula not on the accred- 
itedlist. As a result of the year’s work and 
of actions taken on October 24, 1940, the 
record now stands as follows: Total cur- 
ricula submitted, including reinspections, 
791; accredited unprovisionally, 457; ac- 

credited provisionally, 83; not accredited, 

164; reinspections resulting in no change in 

status, 82; action pending, 5. A complete 

list of accredited curricula appears on page 
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Competition for 1941 Prizes 
Announced by EE! Committee 


Prizes to be awarded at the 1941 conven- 
tion of the Edison Electric Institute recently 
have been announced by means of posters 
distributed to public-utility operating com- 
panies throughout the United States. The 
awards, contributed by various donors and 
administered by the prize awards committee 
of EEI, constitute the electric light and 
power industry’s recognition of outstanding 
achievements by companies and individuals. 
Competition is open to all companies and 
their employees without regard to member- 
ship in EEI. 

Thirty-three prizes will be awarded, 11 to 
electric utility companies and 22 to in- 
dividuals. Most recently established is the 
Laura McCall Award offered for the first 
time this year, and consisting of a plaque 
and two certificates to companies for home- 
service department achievement in promot- 
ing electrical appliances and home lighting, 
and cash prizes to $100, $50, and $25 to the 
heads of the departments responsible. 

The Augustus D. Curtis Award, for new 
lighting installations or complete relighting 
of commercial interiors, has been broadened 
this year to include use of fluorescent light- 
ing, either entirely or in combination with 
incandescent sources. The award includes 
certificates to the companies winning first 
and second places, and prizes of $200 and 
$100 respectively to the individuals respon- 
sible, as well as third and fourth prizes of 
$50 and $25 to individuals. 

Of particular interest to AIEE members 
are the Forbes prize, a cash award of $250 
for the best paper on public relations in the 
electric light and power industry, and the 
McGraw prizes, three awards of $250, $150, 
and $100, for the best papers on technical or 
engineering subjects relating to the industry. 
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Any person employed by an electric light 
and power company may compete. 

Full information on all awards may be 
obtained from the secretary, Edison Electric 
Institute, 420 Lexington Ave., New York, 
N. Y. The other awards are: 


The Charles A. Coffin Award, a gold medal and a 
contribution of $1,000 to the employees’ benefit 
fund, to the public-utility operating company 
showing the greatest over-all advancement in 
operations and physical plant. 


The Thomas W. Martin Award, a bronze plaque, 
given to the company showing the greatest con- 
tribution to progress in rural electrification. 


The National Electric Water Heating Award, cash 
prizes of $500, $300, and $200, to companies for 
best all-around promotion and sale of electric 
water heaters. 


The George A. Hughes Award, trophy and two cer- 
tificates of recognition to companies, cash awards 
of $500, $300, and $200 to individuals responsible, 
for development of the electric-range market 
through direct or co-operative promotion or selling, 


The R. B. Marshall Award, five cash prizes of $100 
each to salesmen representing utility companies, 
classified in five groups according to number of 
customers, who sell, lease, or rent the greatest 
number of domestic electric ranges. 


The Claude L. Matthews Awards for Valor, three 
cash awards of $100 each for acts of outstanding 
courage performed in maintaining or restoring 
electric service. 


IES Sets up Regional Divisions 


As a result of constitutional changes ef- 
fective October 1, 1940, the Illuminating 
Engineering Society has established eight 
territorial divisions, known as ‘“‘regions’’. 
Geographical boundaries have been set ac- 
cording to natural groupings of the sections 
and chapters of the society. Regional meet- 
ings are to be scheduled during the coming 
year. 

Under the new plan, which resembles the 
setup of the larger national engineering 
societies, each region will be represented 
on the society’s council by a regional vice- 
president. Chairmen of sections will no 
longer be members of the council. For the 
year 1940-41, vice-presidents have been 
chosen by nominating committees repre- 
senting the sections and chapters in each 
region and confirmed by the council. Be- 
ginning in 1941, candidates for regional 
vice-presidents are to be chosen by regional 
nominating committees and voted upon by 
the entire membership. Four vice-presidents 
will be elected each year, to serve two-year 
terms. 

The regions, and their vice-presidents for 
1940-41, are: 


Region A, Toronto section, Montreal chapter, non- 
section territory in Canada; R. M. Love, Canadian 
General Electric Company, Toronto. 

Region B, New England and New York sections; 
O. P. Cleaver (A’36) Westinghouse Lamp Division, 
Bloomfield, N. J. 

Region C, Philadelphia and Pittsburgh sections 
Baltimore-Washington chapter; A. S. Turner, Jr., 
General Electric Company, Philadelphia, Pa. 
Region D, western New York, Cleveland, Ohio 
Valley, and Michigan sections; A. F. Wakefield, 
F. W. Wakefield Brass Company, Vermilion, Ohio. 
Region E, southeastern United States, including 
Georgia and New Orleans chapters; R. A. Palmer, 
Duke Power Company, Charlotte, N. C. 

Region F, Chicago and Twin-City sections, Ne- 
braska-Ilowa, Heart of America, and Spirit of St. 
Louis chapters; N. B. Hickox, Chicago, Ill. 
Region G, southwestern United States, including 
southwestern section; F. M. Rutherford, Dallas 
Power and Light Company, Dallas, Tex. 
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Region H, Pacific Coast area, including Southern 
California and San Francisco Bay sections; F. A. 
Hansen (M'31) Western Institute of Light and 
Vision, Los Angeles, Calif. 


Engineering Section, AAAS, 
to Hold Annual Meeting 


“Economic and Engineering Interests of 
the Americas” will be the chief theme of the 
annual meeting of Section M (Engineering) 
of the American Association for the Ad- 
vancement of Science, to be held at Phila- 
delphia, Pa., December 31, 1940. The 
program, arranged in co-operation with 
Director G. H. Cox, Inter-American Cen- 
ter, The George Washington University, is 
expected to include addresses on ‘‘Aviation 
Progress” by Doctor Jerome C. Hunsaker, 
Massachusetts Institute of Technology; 
“Educational Relationships Between the 
Americas”, by Doctor Clyde Heck Marvin, 
president, The George Washington Uni- 
versity; ‘‘The Press and Inter-American 
Relationships’, by Raymond C. Clapper; 
“Engineering Developments in South 
America’’, by Fred Lavis, consulting engi- 
neer; ‘“‘Inter-American Engineering Stand- 
ards”’, by C. L.Warwick, secretary, American 
Society for Testing Materials. Further in- 
formation about the meeting, which is open 
to all those interested, may be obtained from 
F. M. Feiker (M’34), secretary, Section M, 
AAAS, and dean of the school of engineer- 
ing, The George Washington University, 
Washington, D. C. 


South American Tour 


Planned by NRC 


Plans are being developed by the National 
Research Council to have a group of in- 
dustrial and research executives from the 
United States visit South American coun- 
tries early in 1941 to study industrial pos- 
sibilities and means of interchanging tech- 
nological developments. The Council has 
been assured co-operation from the govern- 
ment agencies responsible for inter-American 
relations. Tours of laboratories in the 
United States and in several European 
countries have been sponsored by the 
Council in previous years. 
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New Standards Bring Smaller Motors 


New standards adopted October 1 by the 
National Electrical Manufacturers Associa- 
tion have reduced the frame sizes of electric 
motors in sizes from three-quarters to two 
horsepower. This is said to be the first 
major change in the original motor-dimen- 
sion standards adopted by the association 
members 12 years ago, and represents the 
culmination of advances in engineering art 
and materials of motor manufacture 
achieved during that period. These 
changes affect weight, space, and size, and 
are made possible largely by two major im- 
provements: better silicon steels; and new 
synthetic and cloth insulations having 


higher dielectric strength and requiring less 
space. 

Since the adoption of the new standards, 
both the General Electric Company and the 
Westinghouse Electric and Manufacturing 
Company have announced new lines of 
motors: an entire line of completely new 
polyphase induction motors in “integral 
horsepower” sizes by the former; and a 
series ranging from one-half to three horse- 
power by the latter. Principal new features 
of the new motors are: modern “‘stream- 
lined” appearance; more complete physical 
protection than heretofore available except 
in enclosed machines; improved insulation 
resulting in smaller motor coils; and im- 
proved bearing design and lubricating ar- 
rangements. 


G. B. Cortelyou Dies. George Bruce 
Cortelyou, retired president of the former 
Consolidated Gas Company, New York, 
N. Y. (now part of Consolidated Edison 
Company of New York) died October 26, 
1940. Born at New York, N. Y., July 26, 
1862, he received the degrees of bachelor of 
laws, Georgetown University, 1895, and 
master of laws, Columbian (now George 
Washington) University, 1896, and the 
honorary degree of doctor of laws from sev- 
eral institutions. He entered government 
service in 1889, serving as secretary to 
various officials of the Port of New York 
and the Postoffice Department in New York 
and later in Washington, D. C. From 1895 
to 1901 he was secretary successively to 
Presidents Cleveland, McKinley, and Theo- 
dore Roosevelt, and in 1903 he was ap- 
pointed by President Roosevelt to the newly 
created Cabinet position of Secretary of 
Commerce and Labor, later serving as 
Postmaster General, and as Secretary of the 
Treasury. He continued in the last post 
tion until the end of the Roosevelt adminis- 
tration. From 1909 until his retirement in 
1935 he was president of the Consolidated 
Gas Company. He was a past president of 
the American Gas Association, the former 
National Electric Light Association, and 
the Edison Electric Institute. 


E. T. J. Brandon Dies. Edgar Thomas 
John Brandon, retired chief electrical engi- 
neer of the Hydro Electric Power Commis- 
sion of Ontario, Toronto, died September 25, 
1940. Bornat Toronto, December 20, 1880 
he received the degree of bachelor of applied 
science from the University of Toronto in 
1901. He was a design engineer for the 
Ontario Power Company, and later with 
W. C. Johnson, consulting engineer, both 
at Niagara Falls, and with Hugh L. Cooper 
in New York, N. Y., before entering the 
employ of the Commission in 1908 as a de- 
signer. Prior to his retirement on account 
of ill health in 1938, Mr. Brandon was a 
Fellow of the AIEE, and active in the 
Toronto Section, of which he was chairman 
1916-17. 


G.E. Lightning Generator Dismantled. 
The 40-ton lightning generator which pro- 
vided the lightning display at the General 
Electric Company’s Steinmetz Hall at the 
New York World’s Fair was. dismantled 
after the close of the Fair. The equipment 
was divided, part being sent to the high- 
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voltage laboratory of the National Bureau 
of Standards, Washington, D.C., for con- 
struction of a similar 2,000,000-volt light- 
ning generator, and the remainder replacing 
equipment now in use at the company’s 
high-voltage laboratory at Pittsfield, Mass. 


Electric Pump Wins Plastics Award. An 
all-molded electric bilge pump received the 
highest award in the transport group of the 
fifth annual modern plastics competition 
sponsored by Modern Plastics magazine. 


Letters to the 


INSTITUTE members and subscribers are in- 
vited to contribute to these columns expressions of 
opinion dealing with published articles, technical 
papers, or other subjects of general professional 
interest. While endeavoring to publish as many 
letters as possible, Electrical Engineering reserves 
the right to publish them in whole or in part or to 
reject them entirely. Statements in letters are 


An Analysis of the 
Unbalanced Wye Circuit 


To the Editor: 


The unbalanced or unsymmetrical three- 
phase circuit, either delta- or wye-connected, 
can be analyzed completely by means of 
complex-quantity algebra or by graphics. 
The usual treatment appears to be algebraic, 
several variations of this form of attack 
being available in standard textbooks on 
electrical engineering. However, whereas 
the unbalanced delta circuit is also discussed 
by way of graphics, the authors of this dis- 
cussion never have seen a graphical solution 
for the general wye circuit. Statements in 
textbooks often imply the impossibility of 
such an analysis. 

However, the wye-circuit, with no neu- 
tral lead, and with unbalanced line voltages 
and leg impedances, is open readily to 
graphics. Such a treatment in general does 
not require greater time in solving a prob- 
lem than do other methods, and it has the 
distinct added advantage of permitting 
visualization of the entire problem and the 
individual steps as one proceeds. The fol- 
lowing graphical method of solving the un- 
balanced wye circuit is, so far as the authors 
know, the only one that is completely graphi- 
cal and comparable with the graphical 
methods obtained for the unbalanced delta 
circuit. 

Figure la shows an unbalanced wye- 
connected load receiving its power from a 
three-phase generator. The line voltage of 
100 volts, and the ohmic values of the cir- 
cuit elements, are chosen to give convenient 
magnitudes and phase angles. Toa voltage 
scale the full lines of figure 1b show the tri- 
angle of line voltages and the three com- 
ponent leg voltages with point NV being the 
generator neutral. 

If the generator neutral N is connected 
to the load junction O a current will flow in 
the neutral line. This current can be 
determined easily by familiar methods, 
either graphical or algebraic. When the 
switch in the neutral line is opened, the 
neutral current then becomes zero, and a 
voltage Eoy appears across the switch, 
figure la. With the neutral of the generat- 
ing system fixed, the existence of this 
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Awards were announced in October. Made 
of Durez, a phenolic plastic, by Oris Manu- 
facturing Company, the pump has high di- 
electric strength and is resistant to water, 
oil, and abrasives. The automatic motor- 
controlled unit handles 70 gallons per am- 
pere hour of battery used. Designed 
for use on either sail or motor boats 50 feet 
long or less, the pump is 10 inches high, oc- 
cupies a floor area 5!/, by 3!/2 inches, and 
has a sway-proof switch which turns it on 
and off as needed, regardless of the motion 
of the boat. 
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expressly understood to be made by the writers; 
publication here in no wise constitutes endorsement 
or recognition by the AIEE. All letters submitted 
for publication should be typewritten, double- 
spaced, net carbon copies. Any illustrations 
should be submitted in duplicate, one copy ar 
inked drawing without lettering, the other lettered. 
Captions should be supplied her all illustrations. 


voltage shows that the potential of point O 
no longer is the same as that of N, but that 
O has moved on the vector diagram, as 
shown by the voltage vector Eon of figure 
1b. The fundamental problem in the 
analysis of the unbalanced wye circuit is 
that of determining the position of O. 

If a single-phase voltage were introduced 
into the neutral line in place of the switch, 
this voltage being equal in magnitude to 
Eon and of the same phase, exactly the 
same circuit conditions would prevail as 
though the neutral line were open. The 
analysis thus can be carried out by super- 
posing the results for the balanced leg volt- 
ages and those for the single-phase voltage. 
The single-phase voltage acts on the three 
leg impedances in parallel, sending a re- 
sultant current through them, equal and 
opposite to the initial neutral current. Eoy 
is merely the product of the initial neutral 
current and the equivalent impedance of 
the three legs in parallel. It thus is known 
directly in magnitude and phase. 

The steps in solving the unbalanced wye 
circuit to determine the location of O are: 


1. Determine the magnitude and phase of the 
neutral current assuming the neutral line closed. 

2. Calculate the voltage Eon, in magnitude and 
phase, which will drive the above current through 
the three leg impedances connected in parallel. 


3. Lay off the voltage Eon in proper phase from 
the initial point N. The outer end of the vector 
voltage is the position of O. 


The remaining steps in determining the 
actual leg voltages, currents, phase angles, 
power components, etc., for the unbalanced 
wye circuit then follow directly. 

The method is illustrated on the circuit 
of figure 1a, and although complex-quantity 
algebra can be employed wholly or in part, 
the analysis here is given by graphics. 
With phase rotation ABC, and positive 
phase angles measured counterclockwise, 
the neutral current when the switch is 
closed is 10/+/3 amperes, figure 2a. Con- 
ventions with respect to directions of volt- 
age and current and the order of subscripts 
on these quantities are shown in figure la. 

The voltage Eon which will drive the 
current 10/+/3 amperes through the parallel 
combination of the three leg impedances, 
figure 2b, can be obtained by the usual 


ELECTRICAL ENGINEERING 


} 
: 
, 
4 
, 


Figure 1: 


vector diagram 
i 


Twn EON 


€ 

BN ©) 

Figure 2. rae circuit of the single-phase volt- 
age E.,. with associated vector diagram 


graphical method of handling a parallel 
circuit. It is found to be 24 volts and lags 
the current Jy by 8.8 degrees, figure 2c. 


- Point O thus is located upward and to the 


right from point N, figure 1b. The vector 
voltage Eon is 51.2 degrees from the hori- 
zontal. As already stated, the remaining 
steps in determining all quantities now fol- 
low immediately. 

This method also is applicable to a three- 
phase system of unequal line voltages. 
Further, the point V can be assumed any- 
where, inside or outside the triangle of line 
voltages. It can, for example, be chosen 
at A, B, or C, if it appears convenient. 
The respective parts of the graphical solu- 
tion are carried out as described, and O 
will be located, regardless of the magnitude 
or kind of unbalance, or the assumption on 
the position of N. For any particular cir- 
cuit O can have, of course, but one location 
on the graph and all methods must yield 
the same result. The several steps in this 
method perhaps may be carried out more 
conveniently by complex quantity algebra 
if one desires. In any case, the scheme 
visualizes the problem and its component 
parts, which other methods do not do so 
successfully. 


B. L. RoBERTSON (A’26, M’32) 
and L. J. BLAcK 


(Respectively, associate professor and instructor of 
electrical engineering, University of California, 
Berkeley) 


Value of a Determinant 
With Complex Elements 


To the Editor: 

During the past few years, there have ap- 
peared in the literature a number of articles 
on the application of matrix algebra to elec- 
trical problems, In all of these papers, the 
use of the inverse of a square matrix is in- 
volved. This in turn requires the finding of 
the value of the determinant of the matrix. 
The determination of the value of a deter- 
minant with real elements (that is, with ele- 
ments which are constants) presents no prob- 
lem since such determinants have been con- 
sidered in a course in analytic geometry. 
A determinant with complex elements, how- 
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ever, is usually new to the reader and the 
process of determining its value by the 
ordinary rules of expansion is not only quite 
laborious for the higher-order determinants, 
but it might present a problem as to what to 
do with the complex elements. The pur- 
pose of this letter is to suggest three simple 
methods of reducing a determinant with 
complex elements to a sum of determinants 
with real elements only. 


“SUM OF TWO DETERMINANTS” METHOD 


This method is based upon the funda- 
mental rule for adding two determinants 
differing only by one column or one row. 
Only the second order and the third order 
determinants will be discussed here as the 
higher order determinants follow directly. 
Consider a second order determinant 


A+jB C+jD 
RuitjXn RetjXv (1) 
RatjXa Rn»tjXn 


If the column containing Ry, Re is repre- 
sented by A, the column containing 7Xn, 
jXu by 7B, etc., then with this new notation 
the determinant (1) can be written very 
simply 


|A+jB, C+jD| (2) 


Now apply the rule for addition of deter- 
minants successively, 


|A+jB, C+jD|= A, C+jD|+|jB, C+jD| 
=|A, C|+|A, #D|+ 
| iB, C+ [7B,jD| (3) 


If all the elements of any column have a 
common factor, this factor may be divided 
out and placed before the new determinant. 
Then, taking the 7 and the 7?=—1 out, 
equation 3 becomes 


|A+jB, C+jD|=|A, C|—|B, D|+ 
iA, D|+4]B, Cl (4) 


that is 
RutjXu, RutjXul _|Ru, | 
RutjXu, RetjXn| |Ra, Re 
Xu, X12 |Ru, Xi |X, Ri (5) 
Xai, X22 Ru, X22 J Xa, Re» 


Thus, the steps involved are: 


1. Expand the determinant with the new notation 
as shown in (3). 
2. Simplify by taking the j’s out as shown in (4). 
3. Substitute the columns of R’s and X’s for A, B, 
C, and D as shown in (5). 

To illustrate further this method and the 
two methods following, next consider the 
third order determinant, 


A+ 7B C+jD E+jF 
RutjXu RetjxXw Rs +jX13 
Ru tjXu Ro+tjXo2 Res+jXo3|= 
RatjXau Rs2+jXs2 Rss t+jX 33 
|A+jB, C+jD, E+jF| (6) 
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=|4,C,5|— 


Following the procedure outlined previously gives 


|4+jB,C+jD,E+jF|= a, ,C+jD,E+jF|+|jB,C+jD, E+jF| 


A, C, E+jF\+|A, jD, E+jF|+|jB,C, E+ 
jF\|+|jB,jD,E+jF 


=|A, C,E|+|A, C, jF|+|A,jD,E|+ 


|A jD,jF| gar C.E|+|jB, C,jF|+ 
|jBjD,E|+|jB,jD, jF| 

ale C, F|—|B, D, E|+ 
+|B, C,E|—|B,D,F\} 
(7) 


IIIA, C, mia, D,E 


From which 


WB) C+D BP 
RutjxXu RatjXu RitjXis 
RatjXa RotjX2 RestjXo|= 
RutjXu RotjXn Riat+jXas 


AnnGe Le Aum Dee Fi Vop “(EP Ve 
Ru Ra Ris} |Ru X12 X13} [Xu Riz Xs 
Rat Rea Ros} —|Rai X22 X09] —|X01 Roz Xo5| — 
Ra Rae Ras| | Ro Xs2 X95} |Xo1 Roz Xos 


fei AD) TB HL (Ce di ADE 
Xu Xu Ris} | Ru Rie Xia} | Ru Xie Ris 
Xa X22 Ros|+-j] Rar Roz X23}+j] Ror X22 Res 
Xa Xaz Ros} [Rs Roe Xo3} | Rar Xs2 Rss 


(Be Cars Ia ADM Sei 
Xu Riz Ris} [Xu X12 X13 
j\|Xa1 Roz Ros| —j|X01 Xo2 X23] (8) 
Xi Roe Ros} | Xa1 Xo2 Xae 


+ 


The number of determinants on the right- 
hand side of the equation should be equal to 
the 2” where n is the order of the original 
determinant. 


“COMPLEX NOTATION’’ METHOD 


It is interesting to note that the expansion 
4 is similar to the form when expanding the 
product of two complex numbers 


(A+jB)(C+jD) =AC—BD+ 
JAD+BC) (9) 


This is to be expected since the terms in the 
expansion of a second-order determinant 
involve the products of two complex num- 
bers. Likewise, the form 7 will be found 
similar to that when expanding the product 
of three complex numbers 


(A+jB)(C+jD)(E+jF) =ACE—ADF— 
BCF—BDE+j(ACF+ADE+BCE— 
BDF) (10) 


After having determined the form 9 or 10, 
it is only necessary to follow step 3 as given 
in the first method. 


“‘COMBINATION’’ METHOD 


Another method of reducing a determi- 
nant with complex elements to a sum of de- 
terminants with real elements only is to 
start with the R and X determinants and 
then form all possible combinations of 
columns of R’s and j7X’s. That is, replace 
the columns of R’s by their corresponding 
columns of 7X’s one at a time, then two ata 
time, then three at a time, etc. In the case 
of the third-order determinant, equation 8, 
start with 


Ru Rv Ris} |JXujX1jX13 
Ra Roe Rol, |7X01 7X22 7X23 
Rx Rs Ras GX JX 32 jX33 


Now replace the columns of the R determi- 
nant by their corresponding columns of the 
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X determinant, oneatatime. This gives 


Ru Ry» jX13 Ru jx. Ris jxXu Ry Ris 
Ro Ro JX}, |Ru X22 Reos|, |7X21 Roz Ros 
Rs Re X33 R31 IX Rss GX Re Rss 


Next two columns at a time, 


RujXwjXu} FXujXw Rl |jXu Ru JX 
Rai jx jXw , jXu jX» R23}, jx Ro» jX2 
Rai jXs jX33 jXa jXs2 R33 Xa Re jX38 


Then three at a time, 


jXu jXw2jX1s 
jXu JX» jXo. 
7X31 7X32 7X33 


It can be seen that by starting with the R 
determinant and ending with the X deter- 
minant, the result is the eight determinants 
on the right-hand side of equation 8. The 
factor before each determinant can be found 
in the following manner. If the determinant 
has one column of 7X’s, the factor is +7. 
If the determinant has two columns of 7X’s, 
the factor is +7?=-—1. And if the deter- 
minant has three columns of 7 X’s, the factor 
is +73= —7. 

K. Y. Tanec (A’26, M’32) 


(Assistant professor, department of electrical engi 
neering, Ohio State University, Columbus) 


Books Received e 


“Experiments With Light”. A new man- 
ual containing practical problems for stu- 
dents in science has been prepared under 
the direction of the Illuminating Engineer- 
ing Society. Designed for use in high-school 
physics courses, the manual outlines a dozen 
practical experiments with light which may 
be worked out by the student with simple 
low-cost material, locally obtainable or 
easily built. The book attempts to give a 
better concept of the fundamentals of light 
already studied and a knowledge of the prac- 
tical problems of lighting as an aid to seeing 
in everyday life. “Experiments With 
Light” may be obtained from the Illuminat- 
ing Engineering Society, 51 Madison 
Avenue, New York, N. Y., at 25 cents per 
copy. 


The following new books are among those recently 
received at the engineering Societies Library. 
Unless otherwise specified, books listed bave been 
presented by the publishers. The Institute as- 
sumes no responsibility for statements made in the 
following summaries, information for which is taken 
from the prefaces of the books in question. 


ENGINES OF DEMOCRACY. By R. Burlin- 
game. Charles Scribner’s Sons, New York, 1940. 
606 pages, illustrated, 91/2 by 6 inches, cloth, 
$3.75. The history of modern America is viewed 
in the light of its technological advancement. As 
the developments in metallurgy, electrical com- 
munication, power, printing, highways, illumina- 
tion, chemical synthesis, and so on, are reviewed, 
their contribution to our present way of life is 
stressed. The book closes with a discussion of 
modern trends and of the social inventions that 
must follow the technical ones. Contains a bibliog- 
raphy, a chronological list of events and inventions, 
and extensive index. 


HANDBOOK OF ENGLISH IN ENGINEER- 
ING USAGE. By A. C. Howell. Second edition. 
John Wiley and Sons, New York, 1940. 433 pages, 
illustrated, 8 by 5 inches, cloth, $2.50. Presents 
rules for proper English, covering word selection, 
sentence construction, style, arrangement, punctua- 
tion, and grammar. Succeeding chapters discuss 
the composition of business letters, reports, and 
technical magazine articles. Examples from pub- 
lished material are included to demonstrate current 
practice. 
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CTION TO ELECTRICAL ENGI- 
ee By G. V. Mueller. McGraw-Hill 
Book Company, New York, 1940. 306 pages, illus- 
trated, 91/2 by 6 inches, cloth, $2.75. Points out 
the relations, the mathematical expression of the 
relations, and the graphical interpretations of the 
expressions in each type of circuit—electric, mag- 
netic, and dielectric—under transient as well as 
steady-state conditions. Particular attention 1s 
paid to the solution of nonlinear resistance circuits 
as an approach to the solution of magnetic circuits. 
Typical oscillograms are used to illustrate impor- 
tant principles. Problems and laboratory experi- 
ments. 


INVENTORS AND ENGINEERS OF OLD 
NEW HAVEN. (New Haven Tercentenary 
Publications.) Edited by R.S. Kirby. New Haven 
Colony Historical Society, New Haven, Conn., 1939. 
111 pages, illustrated, diagrams., 10 by 6 inches, 
cloth, apply to R. S. Kirby, Yale University. Con- 
tains six lectures given under the auspices of the 
School of Engineering in Yale University. The 
subjects are: Eli Whitney; early New Haven in- 
ventors; early Yale inventors; early Yale engi- 
neers; the formative years of New Haven’s public 
utilities; the founding of the Sheffield Scientific 
School. 


TELEVISION BROADCASTING. By L. R. 
Lohr, with a foreword by D. Sarnoff. McGraw- 
Hill Book Company, New York, 1940. 274 pages, 
illustrated, 9 by 6 inches, cloth, $3.00. Discusses 
various aspects of television broadcasting, in- 
cluding its effect on society; operating techniques 
and equipment; program considerations, especially 
the economic, legal, and technical problems; the 
co-ordination required for presentation; and the 
advertising potentialities. Appendices contain a 
typical television script with production directions, 
and the Federal Communications Commission rules 
governing stations. 


MARINE DIESEL ENGINE STANDARDS. 
Edited by M. J. Reed and O. A. Sibley. Published 
by Diesel Engine Manufacturers’ Association, New 
York, N. Y., 1940. 141 pages, diagrams, 91/2 by 
6 inches, cloth, $2.00. In addition to presenting 
standard practices for all phases of installation 
and application of Diesel engines and accessories in 
marine work, this book also gives information on 
standard performances and definitions, classification 
and marine inspection, and includes some statistical 
material. 


TROUBLES OF ELECTRICAL EQUIPMENT. 
By H. E. Stafford. Second edition. McGraw-Hill 
Book Company, New York, 1940. 373 pages, illus- 
trated, 9 by 6 inches, cloth, $3.00. Covers the 
symptoms, causes, and remedy of troubles of the 
a-c and d-c apparatus found in the average indus- 
trial plant. Also includes hints on efficient op- 
eration and maintenance. Diagrams are extensively 
used, and all formulas are illustrated by practical 
examples. 


WILEY TRIGONOMETRIC TABLES. New 
York, John Wiley and Sons, 1940. 81 pages, tables, 
9 by 51/2 inches, cloth, $0.75. Aims to present the 
tables most used by students of trigonometry. The 
tables are: squares and square roots; constants 
with their common logarithms; natural logarithms 
of numbers; five-place logarithms of numbers; 
logarithms of functions; and four-place values of 
functions and radians. 


VECTOR METHODS, APPLIED TO DIF- 
FERENTIAL GEOMETRY, MECHANICS, 
AND POTENTIAL THEORY. By D. E. Ruther- 
ford. Oliver and Boyd, Edinburgh and London; 
Interscience Publishers, New York, 1939. 127 
pages, diagrams, 71/2 by 5 inches, cloth, 4s 6d, 
$1.50. Intended to provide for undergraduate use 
a clear account of the abstract theory of the vector 
calculus and a brief but broad survey of the appli- 
cations of the theory to various branches of pure 
and applied mathematics. 


THEORY OF GROUP CHARACTERS AND 
MATRIX REPRESENTATIONS OF GROUPS. 
By D. E. Littlewood. Oxford University Press, 
New York; Clarendon Press, Oxford, England, 
1940. 292 pages, diagrams, etc., 10 by 61/2 inches, 
cloth, $5.50. Presents a simple, self-contained ac- 
count of the theory of group characters in its appli- 
cation to finite and continuous matrix groups, and 
elaborates some of its applications. Preliminary 
chapters on matrices, algebras, and groups precede 
the development of the theory. Applications to the 
theory of symmetric functions and to the structure 
of groups are dealt with in some detail. In the last 
two chapters the theory is generalized to certain 


continuous matrix groups. Bibliography and char- 
acter tables. 


SILVER IN INDUSTRY. Edited by L. Ad- 
dicks. Reinhold Publishing Corporation, New 
York, 1940. 636 pages, illustrated, 9 by 6 inches, 
cloth, $10.00. A summary of three years’ research 
on silver and its industrial applications is presented 
in 20 chapters written by the editor and others. 
Topics include physical and mechanical properties, 
alloys, commercial production, silver-coating meth- 
ods, electrical and catalytic applications, corrosion 
properties, and the use of silver in bearings, germi- 
cides, photography, coinage, the decorative arts. 
Bibliography, serial list of United States patents 
and classified list of patents of all countries. ; 


Of Current Interest 


KING YOUR PHOTOGRAPHS EFFEC- 
TIVE. By J. A. Lucas and B. Dudley. McGraw- 
Hill Book Company (Whittlesey House), New 
York, 1940. 385 pages, illustrated, 91/2 by 6 inches, — 
cloth, $5.00. Discusses all phases of photographic 
work. Fundamental processes, cameras, and other 
equipment, darkroom construction, and print 
making are described; exposures and lighting prob- 
lems considered; and various methods of work 


presented. 


WEATHER ANALYSIS AND FORECAST- 
ING. A Textbook on Synoptic Meteorology. By 
S. Petterssen. McGraw-Hill Book Company, New 
York, 1940. 505 pages, illustrated, 9 by 6 inches, 
cloth, $5.00. Presents modern methods of weather 
analysis and forecasting. The author discusses in 
detail the underlying theories and their application 
to weather charts and upper-air charts, with exam- 
ples of correct analysis and forecasts. Recent 
results in air-mass analysis, frontal analysis, and 
isentropic analysis are included. Bibliography. 


AIRCRAFT YEAR BOOK FOR 1940. 22d 
edition. Edited by H. Mingos. Aeronautical 
Chamber of Commerce of America, New York, 
1940. 532 pages, illustrated, 9 by 6 inches, cloth, 
$5.00. This annual provides a record of develop- 
ments in aviation during the past year, both in the 
United States and abroad. The work of the Army, 
Navy, various Federal agencies, and commercial 
firms is reviewed. Chapters are devoted to the 
present war, air lines, private flying, airports, train- 
ing, and other fields of interest. The book includes 
tables of aircraft specifications, descriptions of air- 
craft and engine designs, a chronology of events and 
records, an aeronautical directory, and statistics of 
the industry. 


AEROPLANE INSTRUMENTS, Part I; 
LANDING LEGS, WHEELS, AND BRAKES; 
AIRSCREWS, Part I. Aeroplane Maintenance 
and Operation Series, volumes II, III, and IV. 
Edited by E. Molloy and E. W. Knott. Chemical 
Publishing Company, New York, 1940. Each 132 
pages, illustrated, 9 by 6 inches, cloth, $2.00 each. 
Three volumes of a new series on airplane main- 
tenance and operation. “Aeroplane Instruments 
(Part I)’”’ deals with the operation and maintenance 
of the Sperry gyropilot, Sperry aircraft instruments, 
and Smith’s aircraft instruments. ‘‘Landing Legs, 
Wheels and Brakes’ deals with the maintenance 
and repair of various commercial types of landing 
equipment, including landing Jegs, shock absorbers, 
tail-wheel units, brakes, and tires. ‘“‘Airscrews 
(Part I)”’ deals with the maintenance and repair of 
the de Havilland controllable-pitch airscrews and 
hydromatic airscrews. 


ELECTRICAL CIRCUITS AND MACHIN- 
ERY. Volume I. Direct Currents. By F. W. 
Hehre and G. T. Harness. John Wiley and Sons, 
New York, 1940, 513 pages, illustrated, 9 by 6 
inches, cloth, $4.50. Volume one of a two-volume 
treatment of electric circuits and machinery 
offered as a successor to the textbook with that title 
written by Morecroft and Hehrein 1933. Like its 
predecessor, it is intended as an introductory text 
for students of electrical engineering and a general 
text for others. Contains a chapter on electronics. 


ELECTRICAL ENGINEERING LABORA- 
TORY EXPERIMENTS. By C. W. Ricker and 
C. E. Tucker. Fourth edition. McGraw-Hill 
Book Company, New York and London, 1940. 458 
pages, diagrams, etc., 9 by 6 inches, cloth, $3.00. 
Revised and expanded, this edition of a well-known 
guide includes 70 experiments, with accounts of 
theory and procedure. 


FRENCH-ENGLISH SCIENCE DICTION- 
ARY. For Students in Agricultural, Biological and 
Physical Sciences. By L. De Vries. McGraw- 
Hill Book Company, New York, 1940. 546 pages, 
7 by 5 inches, fabrikoid, $3.50. Contains 43,000 
scientific terms with the English equivalents. 
While intended to meet the needs of students of 
agriculture, biology, and physics, it should be useful 
to students and translators in any field of science. 


GEOMAGNETISM. By S. Chapman and J. 
Bartels. Oxford University Press, New York; 
Clarendon Press, Oxford, England, 1940. Two 
volumes, 1049 pages, diagrams, etc., 91/2 by 61/2 
inches, cloth, $18.00. Aims to provide an account 
of present knowledge for workers in geomagnetism, 
cosmic-ray physics, geophysical prospecting, and 
radio communication. Volume I gives a detailed 
description of the observed facts of geomagnetism 
and the ways in which they are measured, together 
with brief accounts of lunar and solar motions, the 
properties of the sun’s atmosphere, earth currents, 
the aurora, the earth’s upper atmosphere, and mag- 
netic prospecting. Volume II discusses the analy- 
sis and synthesis of geomagnetic data and the 
physical theories which attempt to explain the facts. 
Bibliography. 


GRAPHISCHE METHODEN ZUR LOSUNG 
VON WECHSELSTROMPROBLEMEN, By A. 
von Brunn. Benno Schwabe and Company, 
Verlag, Basel, Switzerland, 1938. 243 pages, dia- 
grams, etc., 10 by 61/2 inches, cloth, 18 Swiss fr. 
Graphical methods for the solution of a-c problems 
are presented in a comprehensive manner. After 
discussing the fundamental theory and vectorial 
representation of the physical elements of electric 
circuits, the author develops the general methods of 
graphical calculation and many specific adaptations. 
Bibliography and list of symbols. 
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F.E. WYNNE 


FELLOW AIEE 


Synopsis: The application of traction 
motors is based fundamentally on speed- 
time curve calculations. This method has 
been used for many years and is familiar 
to electrical engineers engaged primarily 
in transportation activities. Many other 
engineers infrequently encounter problems 
of traction-motor application but are not 
conversant with the effect which variations 
in service conditions produce on vehicle 
performance. This paper points out certain 
recent changes in transportation require- 
ments tending toward greater standardiza- 
tion of equipment, and summarizes the 
effects of varying operating conditions. 
The broad basis of economical application 
is indicated. 


HE application of all types of traction 

motors is based fundamentally on the 
speed-time curve. Speed-time curve cal- 
culations may be unnecessary for many 
specific applications, but a knowledge of 
the principles is essential to correct appli- 
cation of motors. The methods of calcu- 
lation are covered fully in textbooks and 
for many years have been included in 
college courses in railway engineering. 
The purpose of this paper is to illustrate 
the application of the principles and show 
the effect on traction-motor performance 
of varying the more important determin- 
ing factors. 

In the past few years the business of 
electric transportation has undergone im- 
portant changes. These have produced 
changes in apparatus requiring a different 
technique in application. Until the year 
1928 surface cars, rapid-transit cars, and 
light traction locomotives were propelled 
by axle-mounted motors driving through 
single-reduction gears. At that time the 
lines of traction motors ranged from 25 to 
250 horsepower, and the work of applica- 


Paper 40-14, recommended by the AIEE committee 
on transportation, and presented at the AIEE 
winter convention, New York, N. Y., January 22- 
26,1940. Manuscript submitted October 23, 1939; 
made available for preprinting December 11, 1939; 
released for final publication February 23, 1940. 


F. E. Wynwnkz is section engineer, railway applica- 
tion, Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa.; G. M. Woops is 
with the same company. 
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The Application of Traction Motors 


G. M. WOODS 


NONMEMBER AIEE 


tion consisted largely of the motor and 
gear ratio selection to meet the particular 
service requirements. For this it was 
usually necessary to calculate the service 
performance of the motor, chosen on the 
basis of the engineer’s judgment. Motors 
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Figure 1. Trolley-coach motor A 


Gear ratio, 10.61:1; wheel diameter, 40 
inches; volts, 550 
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Figure 2. Trolley-coach performance curves 


Motor A, F.S.-1 field strength, normal ac- 
celeration and braking 
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were self-ventilated and while attention 
had to be paid to commutating require- 
ments under the most severe conditions of 
operation and to short-time overloads, the 
ability to operate within the motor’s 
continuous rating generally insured satis- 
factory all-around performance. The 
steady decrease in the cost of energy and 
increase in car operators’ wages had re- 
duced energy consumption to a secondary 
position instead of one of prime impor- 
tance which it had occupied 25 years 
before. 
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Figure 3. Trolley-coach operating charac- 
teristic 


Motor A, F.S.-1 field strength, normal accelera- 
tion and braking 
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Figure 4. Trolley-coach performance curves 


Motor A, F.S.-2 field strength, normal ac- 
celeration and braking 
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Street Cars 


Today street-car and trolley-coach 
motors are of the light-weight high-speed 
highly ventilated type. Short-time over- 
loads and accelerating currents must be 
given more detailed examination. Also 
standardization of vehicles and equip- 
ments has progressed. Practically all 
city street cars purchased are of the 
Presidents’ Conference Committee or 
similar type utilizing the same electrical 
equipment. This was the outgrowth of 
several years’ study. All cars are of 
nearly the same weight and use the same 
gear ratio and wheel diameter. A study 
of operating conditions throughout the 
country was made and the electrical 
equipment was then designed to meet the 
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Figure 5. Reduced acceleration rate 
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Figure 6. Reduced braking rate 
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Figure 7. Reduced acceleration and braking 
rates 
Figures 5-7. Trolley-coach performance 


curves 
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maximum safe speed, balancing speed, 
and acceleration and electric braking 
rates specified by the committee and to 
have adequate capacity for the most 
severe service likely to be encountered. 
With such standardization, applications 
to specific cities obviously involve little 
additional work. 


Trolley Coaches 


Trolley coaches came into prominence 
in 1928. Two sizes are in common use: 
30- to 33-passenger and 38- to 44-pas- 
senger capacity. The 30-passenger coach 
is propelled by one 65-horsepower series 
motor and the 40-passenger coach by 
two such motors, one 125-horsepower 
series motor, or one 140-horsepower com- 
pound motor. The rear axle of the 30- 
passenger coach generally has worm drive 
with 10.25:1 gear reduction. The rear 
axle of the 40-passenger two-motor coach 
is generally a double-bowl worm-drive 
axle or a single-bowl double-reduction 
axle with a gear ratio of about 9.25:1, de- 
pending on the axle manufacturer. The 
single-motor 40-passenger trolley coaches 
all have double-reduction axles with gear 
ratios of approximately 9.25, 10.5, and 
11.5 available. Also, the single motor 
may be used with or without dynamic 
braking and with different degrees of 
field shunting. The equipment best suited 
for a specific application can be deter- 
mined by economic analysis, comparing 
the total fixed charges and operating ex- 
penses of the various alternatives. Per- 
formance calculations are required for 
this comparison. 

While trolley coaches are not stand- 
ardized to the same degree as street cars, 
the weights for the same capacity do not 
differ widely. Hence, when a motor is 
designed for trolley-coach service, definite 
effort is made to cover the probable field 
of application and generally only one 
capacity of motor is available. Evidently 
much progress toward standardization has 
been made. 


Performance Calculation 


Generalizations regarding the perform- 
ance of traction motors are frequently 
misleading. It is safe to say that in- 
creased weight of the vehicle always in- 
creases energy consumption and increased 
duration of stop always decreases schedule 
speed, all other factors remaining un- 
changed. But the change of any one 
factor may automatically change some 
other factor. For instance, if the weight 
is changed, with a given set of conditions, 
either the speed margin or the schedule 
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Figure 8. Trolley-coach motor B 


Gear ratio, 10.61:1; wheel diameter, 40 
inches; volts, 550 


speed must be changed. Both cannot 
remain the same. Also it is incorrect to 
assume that changes of the character dis- 
cussed will always result in the same per- 
centage change, because while the same 
trend exists the amount of the change is 
dependent on the characteristics of the 
particular motor and other conditions. 

Because the trolley coach retains some 
latitude in the selection of electrical 
equipment and gear ratio, it is selected to 
illustrate the method of application. The 
following basic conditions apply. 

The coach weight with average passen- 
ger load is 23,000 pounds. The motor has 
a one-hour rating of 125 horsepower. The 
gear ratio is 10.61:1 (as extensively 
used). The effective rolling diameter of 
the tires is 40 inches. The average 
voltage is 550, which is typical. Train 
resistance increases as the speed of the 
vehicle increases but it varies so widely 
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Figure 9. Trolley-coach performance curves 


Motor B; average voltage, 550; gear ratio, 
10.61:1; normal acceleration and braking 
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Figure 10. Trolley-coach motor B 


Gear ratio, 11.42:1; wheel diameter, 40 
inches; volts, 550 


with type and condition of pavement that 
a constant value of 40 pounds per ton is 
used during motoring. This is amply 
high for the speeds normally reached. 
During coasting, the vehicle supplies the 
no-load losses of the axle and motor. 
The coasting resistance is thereby in- 
creased and a constant value of 47 
pounds per ton is used. An average ac- 
celerating and braking rate of 3.5 miles 
per hour per second is used and is as high 
as can be employed consistently. The 
minimum time in which the equipment 
can travel a certain distance under these 
conditions is increased by a “‘speed mar- 
gin” of five per cent (to allow for un- 
avoidable interferences) and schedule 
speed, motor heating (root-mean-square 
current) and energy consumption are 
calculated on that basis. 

Figure 1 shows the performance curve 
of motor A on full field and with two 
percentages of field shunting. The rela- 
tively small amount of shunting is desig- 
nated F.S.-1 and the large amount F.S.-2. 
By using the motor characteristic, figure 
1, and the accepted methods of calcula- 
tion, the speed-time, current-time, and 
current squared-time curves are derived 
and plotted. Starting tractive effort is 
4,490 pounds. Accelerating current is 
346 amperes. The full-field motor curve 
is reached at 17.2 miles per hour and the 
S.F.-1 curve at 18.4 miles per hour. Five 
different runs between 0.076 mile and 
0.369 mile are shown in figure 2. 

The one-sixth-mile run may be taken 
as typical of average trolley-coach service. 
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The required distance without coast is 
obtained in 29.1 seconds. Adding five 
per cent speed margin for the typical run 
with coast gives a running time of 30.56 
seconds. The average duration of stop is 
taken as 7 seconds. Therefore, the total 
time for this run is 37.56 seconds and the 
schedule speed is 16.0 miles per hour. 
The heating current for the total time is 
161 amperes which is within the capacity 
of the motor. The energy consumption is 
found to be 3.15 kilowatt-hours per coach 
mile at 550 volts. 

The calculated coach performance for 
the range of runs indicated is shown in 
figure 3, plotted with stops per mile as 
abscissas. The decrease in schedule speed 
and the increases in energy consumption 
and heating current as the frequency of 
stops increases are evident. For ex- 
ample, an increase in stops per mile from 
six to ten decreases schedule speed 23 
per cent, increases energy consumption 33 
per cent, and heating current 7 per cent. 


Field Shunting 


The characteristic curve of motor A, 
figure 1, shows by curves F.S.-2 the per- 
formance of the motor with fields shunted 
much more than for F.S.-1. Equipments 
embodying this characteristic are operat- 
ing in two cities where they have proved 
to be very popular with both operators 
and the public. Their principal advan- 
tage lies in maintaining a high rate of 
acceleration up to high coach speeds and 
thus enabling the trolley coach to hold a 
position of superiority where traffic moves 
unusually rapidly. On the other hand, 
equipments having the characteristics 
shown by F.S.-1 are in service in many 
cities and their performance on the street 
is entirely successful. 

Figure 4 shows the calculated perform- 
ance with F.S.-2. The full-field accelerat- 
ing current is the same as for figure 2 
but the shunted-field curve is reached at 
a speed of 25.6 miles per hour instead of 
18.4 miles per hour as with F.S.-1. A 
speed of 30 miles per hour is reached in 
10.2 seconds instead of 15.77 seconds. 
The resulting performance compares with 
that for F.S.-1 as follows: 


Energy 

Schedule Consumption 

Speed (Kilowatt- 
Stops Per (Miles Hours Per RMS 

Mile Per Hour) Coach Mile) Amperes 
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Attention is called to the fact that the 
increased speed of the motor affects 
schedule speed, energy consumption, and 
root-mean-square amperes most in the 
infrequent-stop service and least in the 
frequent-stop service. The reason for 
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acceleration and braking; up five per cent grade 


Figures 11-13. Trolley-coach performance 


curves 


Motor B; gear ratio, 11.42:1 


this is the greater amount of operation 
on the shunted field curve as length of 
run increases. 


Acceleration and Braking 


Changes in rates of acceleration and 
braking affect performance. Taking 
exactly the same conditions as for figure 
2, except rate of acceleration and brak- 
ing, the performance on a one-sixth-mile 
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run has been calculated for the following 
combinations: 


Rate of Acceleration Rate of Braking 
(Miles Per Hour (Miles Per Hour 


Per Second) Per Second) 


Rigure Oncaea +s Dis Oi hes areca tere avane siln bus eke 3.5 
Figure 6 onesies CIA G GERI CULO OCOD 2.5 
RE SUre 7 orice sine ZicOnteiragss oeksisce Het ee 2.5 


Any decrease in rate of acceleration or 
braking obviously increases the time re- 
quired for the run. A decrease in acceler- 
ating rate alone, as in figure 5, decreases 
the schedule speed almost five per cent. 
The accelerating current has been de- 
creased from 346 to 274 amperes but the 
energy consumption is unchanged because 
the duration of constant current has been 
increased. If, instead of maintaining the 
same speed margin, an attempt were 
made to make the same schedule speed 
as in the original example the energy 
consumption would be increased. 

A decrease in braking rate only, as in 
figure 6, again reduces the schedule speed 
five per cent. However, the energy con- 
sumption is reduced seven per cent. This 


Figure 14. A-c series motor ultimate-tem- 
perature-rise and time-temperature curves 
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results from retaining the economically 
high rate of acceleration and the covering 
of a greater portion of the distance dur- 
ing coasting and braking when power is 
not applied to the motors. 

When both accelerating and braking 
rates are reduced as in figure 7, the 
schedule speed is reduced almost nine 
per cent and energy consumption is 
reduced only five per cent. 


Slow-Speed Motors 


The foregoing comparisons have been 
with one specific motor. The effect of 
using a motor with different character- 
istics, motor B of figure 8, will be con- 
sidered now. This motor has a much 
slower full-field speed curve than motor 
A and a steep-shunted field curve. In 
the balancing-speed range the speeds are 
the same. The effect of the slower full- 
field curve is to increase the tractive ef- 
fort per ampere. Asa result the starting 
current is only 260 amperes, or 25 per 
cent less than the 346 amperes starting 
current of motor A. Figure 9 shows the 
curves for a one-sixth-mile run. 

The schedule speed is 15.64 miles per 
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hour; only 2.3 per cent less than with 


‘motor A. But heating current is reduced 


20 per cent and energy consumption is 
17 per cent less. In several cities, motors 
of both types A and B have been ap- 
plied on the same type of vehicle. They 
have been able to maintain the same 
schedule speeds and the saving in energy 
consumption of motor B has been very 
close to that calculated. 


Gear Ratio 


With less severe speed requirements it 
is possible to secure even more economical 
performance with motor B by using a 
gear reduction of 11.42:1. The motor 
curve for this gearing is shown by figure 
10 and the curves for a one-sixth-mile run 
by figure 11. The accelerating current 
becomes 247 amperes, 29 per cent less 
than with motor A. Energy consumption 
is 20 per cent less but schedule speed is 
reduced only 3 per cent. 


Voltage 


Figure 12 shows the effect if the aver- 
age voltage at the motor is reduced from 
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550 to 450 volts, all other conditions being 
the same as in figure 11. The schedule 
speed is reduced almost 5 per cent and 
energy consumption at the coach is re- 
duced 15 per cent. However, low voltage 
is usually the result of drop in the distri- 
bution system, hence it is necessary to 
compute the energy delivered by the sub- 
station to obtain a true comparison. At 
600 volts the values become 2.75 and 
2.86 kilowatt-hours per coach mile for 
the conditions of figures 11 and 12 re- 
spectively. The reduction in energy at 
the car due to slower schedule is more 
than offset by the energy lost in distri- 
bution. Also in any particular service a 
definite schedule speed must be main- 
tained. Low voltage reduces the amount 
of coasting and increases the erergy con- 
sumption at the substation even more 
than calculated above on the basis of a 
fixed speed margin. 


: 


oe 
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Grades 


Few cities are entirely level. Obviously 
grades increase running time and energy 
consumption. When the profile of a line 
is rolling with its two ends at approxi- 
mately the same elevation, it is customary 
to calculate performance on the basis of 
an equivalent grade resistance. The 
percentage of equivalent grade is cal- 
culated by adding all the rises in feet in 
a round trip, multiplying by 100, and 
dividing by twice the round-trip dis- 
tance in feet. 

Where there is a long grade in one direc- 
tion and a material difference in elevation 
of the ends of the line it is necessary to 
calculate both an up-grade run and a 
down-grade run. Where there are short 
down grades at various points in a long 
continuous up grade it is customary to 
calculate the average percentage grade 
by adding the rises in feet, subtracting 
half the sum of the drops, multiplying 
by 100, and dividing by the length in feet. 
This formula, as well as that for equiva- 
lent grade, is based on the assumption 
that half of the potential energy in the 
vehicle at the top of any rise is recovered 
in useful work in descending the grade 
and that half is dissipated in the brakes. 

On the usual hilly route the profile 
must be analyzed and divided into vari- 
ous equivalent-grade, up-grade, and 
down-grade sections. Separate calcula- 
tions of performance are made for each 
section and the results combined on the 
basis of the lengths of the sections. In 
steam-railroad electrification and rapid- 
transit work, where the stopping points 
are definitely known continuous speed- 
time curves are frequently calculated 
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and the effect of each condition of grade, 


curve, and speed restriction is taken into 
account. This process is rather laborious 
and is used only when the service cannot 
be represented properly by typical runs. 

Figure 13 shows the performance of 
the same equipment as figure 11 under 
the same conditions except on a five per 
cent up grade and with accelerating cur- 
rent held at the same value as on the 
level. The accelerating rate, therefore, 
is reduced by the grade resistance of 100 
pounds per ton to 2.5 miles per hour per 
second. Schedule speed is 12 per cent 
less but energy consumption is increased 
75 per cent from 2.52 to 4.40 kilowatt- 
hours per coach mile, 


Rapid Transit 


In general, rapid-transit motor applica- 
tion follows the practice used for surface 
vehicles. In rapid transit, high-speed 
spring-supported motors with separate 
gear units have not yet been accepted 
generally, largely because rapid-transit 
equipment has always been applied on a 
very conservative basis. The reasons. for 
this conservatism are (a) the seriousness 
of any failure which may cause a road 
delay in subways or on elevated struc- 
tures, (b) the large number of cars usually 


involved in any extension of service, and 


(c) the requirement that new equipment 
must operate in train with existing equip- 
ment. However, in spite of these condi- 
tions there is a definite trend toward the 
use of lighter-weight higher-speed equip- 
ment. 


Locomotives 


The application of motors on locomo- 
tives differs from the application on cars 
or trolley coaches in some respects. The 
latter vehicles are seldom, if ever, sub- 
jected to runs of long duration with the 
motor tractive effort close to the slipping 
point of the wheels. Locomotives fre- 
quently start and pull trains for long 
distances under such conditions. There- 
fore, the locomotive motor must be able 
to commutate successfully the current re- 
quired with good, sanded rail. Effort 
is made to apply electric-locomotive 
equipment so that the motors in the speci- 
fied service will not be damaged by any 
conditions within the limits of adhesion 
between wheel and rail. 

Heavy traction locomotives may run 
without stops for distances of 50 miles or 
more over a varied profile. The applica- 
tion of a-c series motors, used principally 
on such locomotives on electrified rail- 
roads, presents problems different from 
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those encountered on d-c motors. The 
factors which produce heating of the 
motors are different. The heating of a 
d-c motor depends almost entirely on the 
current and ventilation. In addition, the 
heating on an a-c motor is greatly af- 
fected by speed; that is, the current rat- 
ing increases with reduction in speed. 
As a result, motor heating depends on 
horsepower output rather than on cur- 
rent. Consequently, some method other 
than the calculation of root-mean-square 
current must be used to determine the 
heating of a-c series motors. 

A series of heating and cooling curves 
for the a-c motor over its entire operating 
range is determined by test. For each 
section of the profile the tractive effort 
and speed are calculated and, from the 
curves at the left of figure 14, the corre- 
sponding values of Ky, and ultimate 
temperature rise are read, The number 
of minutes for the section is calculated 
from speed and distance. For this num- 
ber of minutes the per cent of ultimate 
rise for the value of K, is read from the 
curves at the right of figure 14. This 
percentage converted into degrees gives 
the temperature rise in the section. The 
cooling curve shows the per cent of 
initial temperature at the end of various 
durations of no-load operation. When 
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the calculations for a run are completed a 
continuous temperature-rise curve over 
that run is available. A typical section 
of such a curve is shown in figure 15. 


Self-Propelled Vehicles 


On self-propelled vehicles the electric 
generator and motor serve simply as a 
means of smoothly transmitting power 
from the engine, running at relatively con- 
stant speed, to the vehicle’s driving 
wheels which run at speeds between zero 
and the maximum required. The prob- 
lem is so to design the electric machines 
that minimum power is lost in transmis- 
sion and that the engine is fully loaded 
over a wide range of operating conditions. 
In the case of locomotives or cars operat- 
ing on long runs the electrical equipment 
in general must be capable of utilizing 
full engine power for long periods. In the 
case of busses in frequent stop service, 
full engine power is exerted only a small 
percentage of the time and electrical 
equipment capable of transmitting full 
engine power continuously would be un- 
economically large and expensive. 


Gear ratio has little effect on the 
schedule speed of a self-propelled bus with 
electric transmission in city service be- 
cause the input to the electrical equip- 
ment is fixed. Therefore, with a specific 
engine output the tractive effort at any 
given vehicle speed within the normal 
operating range is the same regardless of 
gear ratio, except for the difference in 
efficiency resulting from different values 
ef current and voltage. The greater the 
gear reduction with a specific equipment, 
the greater is the tractive effort at start- 
ing, but the lower is the vehicle speed at 
which the engine is not fully loaded by 
the generator and “runs against’’ the 
governor. Greater gear reductions result 
in lower current demand and hence lower 
temperature rise of electrical equipment. 


Summary 


The basic methods of calculating the 
service performance of traction motors 
have proved to be correct throughout 
years of application. In some installa- 
tions, at first glance, results in service 
seem to contradict theoretical calcula- 
tions. Careful analysis of such cases dis- 
closes that the service conditions or meth- 
ods of operation differ from the basis of 
calculations. It has been seen that the 
calculations themselves are simple. To 
determine the correct basis requires ex- 
perience and judgment. 


To secure maximum economy of opera- 
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A New Postgraduate Course in Industry 
in High-Frequency Engineering 
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HOSE FIELDS of engineering which 

utilize high-frequency electric cur- 
rents and electronic devices have long 
ago graduated from the trial.and error 
stage. The empirical experimenter who 
is ingenious and observant will always 
be useful, especially in some new and 
fruitful phase of the art not yet well 
understood. However, reliance has for 
many years been placed upon the ability 
of the engineer to design analytically 
upon a sound basis in the underlying 
theory and analytical tools are recognized 
as valuable aids and guides in laboratory 
work. 

The newer fields of application in radio 
have made the engineer’s need for a firm 
foundation in theory constantly more 
essential. Thus, the complication in both 
number and operation of the components 
of a television system is such that the 
ability to predesign results in untold 
savings. The problems of short waves 
have made clear to the engineer that 
many concepts in electricity he had re- 
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tady, N. Y. 


tion, the total operating costs must be 
studied for each application. Higher 
schedule speeds tend to reduce expense of 
vehicle operators but increase power costs. 
For each particular service it must be 
determined whether increased schedule 
speed will actually reduce the number of 
vehicles in service or merely increase 
wasted time at the ends of the route. 
On the other hand, it must be borne in 
mind that high schedule speeds have 
merchandising value and usually attract 
additional patronage. 

The greatest power economy in city 
service is obtained by providing motors 
with the slowest practicable full-field 
speed and with a shunted-field speed which 
can meet the requirements of schedules 
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garded as basic are narrow in scope, 
limited to comparatively low frequencies, 
and inadequate if not altogether errone- 
ous when applied to ultrahigh frequen- 
cies. 

A major recent development in radio 
is a system combining frequency modula- 
tion with limiters. This outstanding 
improvement was due to a man who 
possessed intuition, vision, and courage. 
He is also a fine analyst in the broad 
sense of understanding exceptionally 
clearly what goes on in radio circuits. 
Success would not have been attained 
without the intuitive invention but it is 
doubtful if intuition alone could have 
solved the problem if the inventor had 
not had a very clear idea of the theory 
involved. Of course, after the whole 
problem had been solved technically, 
great vision and courage and determina- 
tion were necessary to bring it to its pres- 
ent state of acceptance. 

Even those workers who possess the 
highly inventive type of mind and are 
able to find new ideas with only a hazy 
notion of the theory behind their experi- 
ments can have their programs radically 
accelerated by the assistance of fellow 
workers who can correlate experiment 
with sound theory. 

To push forward the understanding 
of high-frequency theory, and provide 
a solid foundation for good design and 


with a speed margin of some five to ten 
per cent. The highest accelerating and 
braking rates practicable should be main- 
tained. Vehicles and equipment of the 
lightest weight consistent with reliable 
operation and low maintenance should be 
employed. 

In the future a greater degree of 
standardization may be expected. The 
continued use of electrical apparatus in 
transportation is dependent on obtaining 
the maximum economy both in first cost 
and operating cost. According to most 
recent data 8,000,000,000 kilowatt-hours 
are consumed annually by the electric 
railways. All electrical engineers should 
be interested in retaining and increasing 
this load for the electrical industry. 
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development requires that the engineer 
possess: (1) the analytical tools; (2) 
the ability to apply these tools to the 
solution of practical engineering prob- 
lems. The latter characteristic includes 
_ more than simply the ability to substitute 
into a formula; it involves also the 
ability to extract out of a practical situa- 
tion the problems whose solutions have 
bearing on the ultimate answers, the judg- 
ment to introduce the usually necessary 
approximations, and finally the important 
ability to express the results in an easily 
understandable and useful form. 


Need for Course in Industry 


Men rarely come to industry direct 
from college with the amount of training 
in the difficult radio field that is required 
for the possession of both of the foregoing 
characteristics. This is not stated in the 
nature of a criticism of college curricula. 
At least as far as undergraduate work is 
concerned, it is undoubtedly best to give 
basic and general training to engineers, 
leaving the study of more specialized 
branches of engineering to postgraduate 
work as is being done in many colleges. 

Among the subjects of special interest 
to high-frequency workers but for which 
there is little time in an ordinary four- 
year course (and in many five-year 
courses), is the study of Maxwell's field 
equations. Unless time is devoted to a 
study of this theory in postgraduate 
work, even a phenomenon so funda- 
mental to radio engineering as the radia- 
tion of energy by electromagnetic waves 
is seldom understood. Displacement 
current may be somewhat familiar to the 
student but the consequences of the con- 
cept are usually not appreciated until 
problems concerning it are met and 
solved. Without a feeling for retardation 
in electrical phenomena one is usually 
limited to concepts of inductance and 
capacitance which are valid only at low 
frequency. Even aside from retardation 
effects, it is necessary that the high-fre- 
quency engineer possess a broader notion 
of resistance, inductance, and capacity in 
which current distribution and proximity 
effects play a part, so that these circuit 
concepts are not thought of as necessarily 
independent of frequency. The ideas 
under discussion here are not new, but 
there is a need for more young men who 
thoroughly understand them. 

Because it is necessary to teach cir- 
cuits in a way that will be useful to stu- 
dents who may ultimately enter either 
the power or communication fields, cir- 
cuit equations and concepts are most 
often introduced to the student as one 
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branch of science he must master, and 
field theory (if treated at all) as another. 
When the frequency of the circuit is 
increased to the point that radiation of 
energy must be considered, the student 
without additional training is apt to find 
his circuit concepts inadequate in ex- 
plaining the phenomenon. For ordinary 
circuits, he thinks of Kirchoff’s and 
Ohm’s laws; for radiation problems there 
has been little opportunity to equip him 
with more than a formula or two whose 
derivation he may not have seen, still less 
understood. 


Transmission-line theory is usually 
presented entirely from the ‘voltage 
along the line’ and “current along the 
line’ standpoint. The notion of the 
transmission of electrical energy by 
means of propagating fields is so often 
passed over, or only mentioned as ‘‘an 
interesting way of looking at transmis- 
sion,’ that when confronted with the 
problem of analyzing the transmission of 
power down the inside of a single hollow 
conducting tube “‘wave guide’, the stu- 
dent has no basis for attack. Even if 
time has been found to treat the field 
concept in college and the graduate does 
possess a certain amount of appreciation 
for it, to set up the electromagnetic field 
equations and solve them in practical 
cases requires ordinarily more mathe- 
matical ability than the student has had 
a chance to acquire. 

In acquainting the student with the 
operation of electron tubes, the ‘‘machin- 
ery” of the electronics or radio engineer, 
the available college time must be limited 
to the simpler problems. Thus this 
theory is usually taught in such a way 
that when higher frequencies are used 
and problems arise because of the pres- 
ence of previously negligible transit-time 
effects, the student must discard what he 
thought were the basic concepts under- 
lying amplifier or oscillator action and 
learn a set of more fundamental ones. 
For example, he can no longer assume that 
the number of electrons arriving per 
second at the anode of a diode is exactly 
equal at every instant to the number 
leaving the cathode; nor must he take 
as fundamental that a negatively biased 
electrode which collects no electrons does 
by that token not require any driving 
power. 

Some students with more years of 
college study or an unusual selection of 
courses obtain a thorough background 
in the fundamentals of electricity and 
magnetism and the mathematical tools 
necessary to apply the theory. To these 
cases the examples cited are not appli- 
cable. However, it is again rare indeed 
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that these men will have had the exposure 
to the practical type of problem in which 
the problems themselves are often diffi- 
cult to isolate and the theory can be 
used only after a number of engineering 
approximations have been made. 

In general, it may be said that there 
are three kinds of ability required in 
engineering work. Analytical ability, 
though essential, is not the only one 
demanded by industry. The highly 
inventive type of mind that contributes 
valuable ideas, often without apparent 
need for theoretical background, is one 
that is unfortunately too rare. The 
third type of ability, to follow directions 
and copy designs, also has its place. It 
is upon the first two kinds of ability, 
however, that we must depend for techni- 
cal advancement. 

Now, the ingenious inventor is difficult 
to recruit, for the colleges (especially in 
undergraduate years) have little time to 
detect this ability. The analytical man 
on the other hand is selected by his col- 
lege record and examinations and trained 
with success. Since postgraduate study 
is essential to supply men for the more 
difficult phases of high frequency and 
electronics, and since the combination of 
analytical and experimental ability is so 
desirable in this field, it has seemed logical 
to equip men with analytical tools while 
actually engaged in practical work in in- 
dustry. This work allows the man with 
inventive ability to strengthen it while 
engaged in experiment or design; against 
it as a background, the newly learned 
theory may become at once an active tool. 

As John Dewey, the famous philosopher 
and educator has said :* 


“But there is all the difference in the world 
whether the acquisition of information is 
treated as an end in itself, or is made an 
integral portion of the training of thought. 
The assumption that information which has 
been accumulated apart from use in the 
recognition and solution of a problem may 
later on be freely employed at will by 
thought is quite false. The skill at the ready 
command of intelligence is the skill ac- 
quired with the aid of intelligence; the only 
information which, otherwise than by acci- 
dent, can be put to logical use is that ac- 
quired in the course of thinking. Because 
their knowledge has been achieved in con- 
nection with the needs of specific situations, 
men of little book-learning are often able 
to put to effective use every ounce of knowl- 
edge they possess; while men of vast erudi- 
tion are often swamped by the mere bulk of 
their learning, because memory, rather than 
thinking, has been operative in obtaining 
1,77 

This theory of education agrees with the 
experience of the General Electric Com- 
pany. 


* From his book ‘(How We Think,” pages 52 and 53. 
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Postcollege Training at the 
General Electric Company 


The General Electric Company has 
had experience in fitting men with the 
essential qualifications implied above 
for work in electrical, mechanical, and 
thermal engineering. The three-year 
postgraduate course, known as the Ad- 
vanced Course in Engineering, t has been 
in operation for about 16 years during 
which time it has graduated several 
hundred engineers. In view of the suc- 
cessful operation of the courses in other 
branches of engineering a new section of 
the advanced course has been organized 
to cover electronics and high frequency 
engineering. Before describing the new 
course it will be well to summarize 
briefly the aims and operation of the ad- 
vanced course in general. 

When the advanced course was insti- 
tuted, the company realized that its 
achievement thus far had rested in a large 
measure upon the sound technical foun- 
dation laid by the pioneers and that 
future progress would depend on filling 
their places with high-caliber men who 
had the ability to think along fundamen- 
tal lines, apply their knowledge to the 
development of improved apparatus, and 
deal generally with the advanced theo- 
retical aspects of engineering work. It 
was recognized that such work is essen- 
tially mathematical in character and that 
in order to deal effectively with such 
problems one must be able to use mathe- 
matics as a tool in the application of 
fundamental laws of physics to the 
problems of engineering and must have a 
real appreciation of its significance as an 
aid in straight thinking. 

Engineering graduates from American 
colleges, however, usually did not have 
sufficient training along the necessary 
lines. Most of them had no mathematical 
training beyond the calculus, and those 
who had studied differential equations 
had not learned how to make use of them 
in the analysis of physical problems. 
There were coming to the company rela- 
tively few engineers who were thoroughly 
grounded in methods of analysis. The 
courses in many colleges had become too 
practical; men were being taught rou- 
tine rule-of-thumb methods of design, and 
there was insufficient emphasis on think- 
ing problems through by the use of funda- 
mental principles. 

The experience of the founders of the 
course, R. E. Doherty and A. R. Steven- 
son, Jr., and of those with whom they 
were associated indicated very definitely 


t ‘An Advanced Course in Engineering’, A. R. 
Stevenson, Jr., and Alan Howard, ELEcTRICAL ENGI- 
NEERING (AIEE Transactions), March 1935. 
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that in order to be effective the course 
should have two major objects. These 
objects were to train men: 


1. To apply the fundamental principles of 
engineering to the solution of their prob- 
lems. 

2. To present the results of their work 
clearly and concisely, whether in written 
form or orally, so that others might easily 
understand and use these results. 


In the 16 years since its founding these 
objectives of the course have been ad- 
hered to. 

The first year, or A class, is common to 
all sections of the course and is made up 
of 30 to 40 men of the testing department 
who have been with the company only a 
short time. Entrance is competitive and 
selection is made from among the appli- 
cants on the basis of an examination, 
school records, and personal interview. 
Personality and ability to co-operate 
with others are carefully considered, as 
well as technical ability. 

Those selected remain in the testing 
department and obtain the same experi- 
ence there as those not taking the course. 
In addition, they spend a half day a week 
in class on company time. 

The work during the first year consists 
of a study of the application of the funda- 
mentals of engineering to the solution of 
problems involving mechanics, thermo- 
dynamics, heat transfer, electricity, and 
magnetism. Throughout the three years 
of the course, as far as possible the prob- 
lems selected are ones which have actually 
arisen in the engineering departments of 
the company. In many cases unsolved 
problems have been assigned, and the 
classes have thus been given the chance 
to be of assistance in useful engineering 
work. These problems differ from most 
textbook problems in that the students 
are expected to select from a group of 
facts those which are necessary for the 
solution. Another important aspect is 
that usually it is necessary for the stu- 
dents to make a number of simplifying 
assumptions in order to bring the problem 
within the range of practical mathematics. 
About 15 to 20 hours a week are spent at 
home by the students in solving and writ- 
ing up their problems, 


Lecture Material in the 
High-Frequency Section 


A few of the 12 or 15 men selected each 
year from the A class for the upper classes 
are given the final two years of that part 
of the course dealing with electronics and 
high frequency. They leave the testing 
department and are taken directly on the 
payroll of the advanced course. While 
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on this payroll the men continue to spend 
at least a half day a week in class on com- 
pany time. The class work during the 
second and third year is illustrated by 
the accompanying chart giving briefly 
the work of the first year, and in more 
detail, the lectures of the second and third 
years. 

This chart is intended to show how the 
mathematical, physical, and design ma- 
terial is developed simultaneously so that 
uppermost in the student’s mind is the 
regard for the analytical processes as 
useful tools when properly applied in the 
solution of engineering problems. The 
subjects given in the table are intended to 
be merely illustrative and will change 
from year to year, although the funda- 
mental nature of the lecture material is 
preserved. The material is adjusted to 
fit the needs of the company, the prob- 
lems which arise, and the previous back- 
ground of the students such as the A 
class. The technical lectures are given by 
a great many men from many different 
departments. In this way, the subjects 
are presented from many different points 
of view and there is little danger of the 
course becoming “inbred”’. 


Problem Assignments in 
High-Frequency Section 


The greatest part of the value of the 
course is obtained by the student in solv- 
ing the weekly problems. Therefore, 
their variety and difficulty are a measure 
of the engineering ability that is both re- 
quired and developed. For the purposes 
of discussion the types of problems as- 
signed in the final two years of the course 
may be divided into several classes, al- 
though, with the exception of the first 
group discussed below, the problems will 
usually possess characteristics of two or 
more of the classes to be described. 

The first class of problem is the aca- 
demic type—given certain facts, to de- 
duce certain relations, or prove other 
facts. This type of problem is one the 
student is used to solving from his college 
career. He finds the problem definite 
and knows that the answer can be found. 
Problems of this sort are assigned only 
occasionally as an exercise when a difficult 
and new concept is introduced; less than 
ten per cent of the assigned problems fall 
into this class. 


A favorite type of problem, because of 
its frequent occurrence in practice and 
because it leads the student to funda- 
mental thinking, is one that may be de- 
scribed as follows: An engineering design 
is to be attempted along conventional 
lines which are outlined to the student; 
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Problems 
Encountered 
in Design 


} 
First year common to all sections 
Mechanics 


Theoretical Bases 


Electricity and magnetism 
Introduction to field theory 
Elasticity 

Waves and resonance 
Thermodynamics 

Fluid flow 

Heat flow 

Radiation 


Second and third years in high-frequency section 


Horns 

Loud speakers 
Microphones 

Sound measurement 


Electrostatic shields 


Antennas 


High-frequency shields 
Electrical measurements 


Vacuum tubes 


Gas-filled tubes 
Rectifiers 


Amplifiers 
Feed-back circuits 
Oscillators 


Modulators and 
demodulators 
Radio transmitters 
Radio receivers 
Applied optics 


Television devices 


Vibrating systems 
Approximate methods for calculating 
resonant frequencies 


Hydrodynamics of sound 
Equations of sound waves 
Reflection, absorption, 
interference of waves 
Radiation from various sound sources 


attenuation, 


Physiological and psychological con- 
siderations in sound 

Generalization of experimental laws of 
electricity and magnetism 

Displacement current 

Maxwell's equations 


Static fields 


Varying fields in free space 

Poynting’s vector 

Electromagnetic radiation 

Electric waves in free space 

Electric waves in ionized space 

Electric waves over imperfect-conduct- 
ing earth 

Propagation characteristics of long and 
short waves 

High-frequency resistance, inductance, 
and capacitance 

Waves in and near conductors, guided 
waves 

Maxwell’s moving images 

Introduction to modern physics (radia- 
tion, spectra, thermionic emission, 
photoelectric effect, etc.) 

Motion of electrons in electromagnetic 
fields 

Space-charge theory, static and transit- 
time effects 

Kinetic theory 

Conduction through gases 

Noises in tubes 

Coupled-circuit theory 

Reactance theorems 

Circuit theorems 

Four-terminal network theory 

Introduction to synthesis methods 

Conventional transmission line theory 

Characteristics of amplitude, fre- 
quency, and phase-modulated waves 

Nonlinear circuits 


Distortion in tubes 
Geometrical optics 


Physical optics 
Electron optics 


however, because of certain unusual re- 


common design. 


Mathematical Tools 


Differential equations 
Determinants 

Simultaneous linear equations 
Superposition 

Vector analysis 


Fourier analysis 
Dimensional analysis 
Functions of a complex variable 


Operational methods 
Fourier integral 
Numerical integration 


Hamilton's principle and principle of 
least action 

LaGrange’s equations 

Normal co-ordinates 

Review of vector analysis 

Velocity potentials 

Solutions of wave equation 

Generalized curvilinear co-ordinates 

Bessel functions 

Spherical harmonics 


Sealar electric and vector magnetic po- 
tentials 

Solutions of Laplace’s and Poisson’s 
equations 

Three-dimension flux plotting 


Retarded potentials 
Hertzian potential 


Solutions of ‘‘heat’’ or skin-effect equa- 
tion 


Series expansions with Bessel and other 
functions 


Should the design be 


quirements it is feared that the usual 
type of design may not be satisfactory. 
For example, a connecting link is to be 
designed to operate between the antenna 
of a transmitter and the transmission line 
feeding it, and the student is acquainted 
with the usual type of design. In this 
case, however, the band width of fre- 
quencies to be passed is many times that 
which has ever been attempted with the 
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altered or is it nevertheless satisfactory? 
Can an improved design more applicable 
to the wide band width be suggested? 
To deal with a problem of this type the 
student must ask such questions as: 
What constitutes a satisfactory connect- 
ing link? How does band width enter to 
determine the requirements of each part 
of the whole system and their matching? 
It would have been much easier for the 
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student, had the problem been broken 
up into the finding of a frequency charac- 
teristic for each part of the system—a 
series of ordinary circuit or transmission- 
line analysis problems. Then, the stu- 
dent could have been given a series of 
rules determined by experienced designers 
by which he could ascertain whether the 
frequency characteristics indicate satis- 
factory or unsatisfactory design. But 
it is in the study of the bases for these 
rules that the student derives the training 
that will enable him to make original 
analyses in the future. 

Many valuable problems come from 
the analyses of new inventions. Often an 
idea is suggested by analogy with a device 
in another branch of science or by certain 
physical considerations, and an analysis 
is required to determine whether the new 
idea is a workable one. In this case the 
student does not know beforehand 
whether the problem will require a long 
analytical study with many approxima- 
tions, or whether the simple application of 
such tools as the conservation of energy 
and momentum or dimensional analysis 
may yield the necessary conclusion. One 
thing he is often certain of, however, is 
that the problem has not been solved 
before. 


“When pupils get the notion that any field 
of study has been definitely surveyed, that 
knowledge about it is exhaustive and final, 
they may continue docile pupils, but they 
cease to be students.’’* 


The largest group of problems are those 
in which an effect or characteristic is 
known to be present and the problem is 
that of obtaining quantitative data. 
These differ from the usual college prob- 
lem in that in the first place many 
of them have never been solved before. 
The student does not have the assurance 
that by proper application of the material 
heard in the lecture the week before he is 
certain to obtain the result. The problem 
may not be exactly soluble. Almost al- 
ways a number of approximations re- 
quiring a series of preliminary estimates 
have to be made. The student must de- 
cide whether to use a simple technique 
with additional computations intended 
to better the accuracy, or to approximate 
the problem by an exactly soluble mathe- 
matical counterpart for which a precise 
and elegant solution may be made. 


Rotating Assignments 


As was pointed out in the introduction, 
it is essential that the engineer (particu- 
larly in the high-frequency field) possess 
a balance in analytical and experimental 


* From ‘‘How We Think’’ by John Dewey, pages 
197 and 198. 
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ability, for one augments and enhances 
the other. To give this balance, during 
the second and third years of the course, 
the students are placed on assignment in 
various engineering departments of the 
company. Here they do regular engineer- 
ing work varying from practice in stand- 
ard design and manufacturing to research 
in the newest fields of radio. A good in- 
sight into the workings of a department 
is obtained during the assignment which 
may last for three or four months. (This 
period allows time for from six to eight 
assignments before completion of the 
course.) 

Some of the assignments that the men 
in the high frequency section may have 
are as follows: 


1. Design of radio and television trans- 
mitters and receivers. 


2. Design of vacuum tubes. 


8. Advanced development problems in 
radio and television. 


4, Design and development of industrial 
control devices. 


5. Design and development of gas-dis- 
charge devices of the power type. 


6. Mathematical studies in the consulting 
departments. 


7. Research in gas discharges, high- 
vacuum electronics, dielectrics, vibrations. 


8. Research in electrical measurements. 


9. District-office engineering, to obtain 


the customer’s viewpoint. 


10. Manufacture of radio receivers and 
vacuum tubes. A knowledge of factory 
processes and a real appreciation of the 
factors affecting cost are of prime interest 
to the radio engineer. 


In these assignments, the men have 
proved so useful to departments in solving 
difficult problems and contributing new 
ideas, that the departments are glad to 
pay the men’s salaries and often there are 
requests for students to fill assignments 
that must wait because of the limited 
number of students available. 


Conclusions 


Under this program, by the end of three 
years the men have received a thorough 
training in the fundamentals underlying 
electronics and high-frequency engineer- 
ing. They have to a large degree learned 
how to use the analytical tools needed to 
apply the theory. It is comparatively 
easy for the graduate, when he is assigned 
to one particular phase of radio or tele- 
vision to go on by himself to master the 
special theory that applies. He is well 
acquainted with the problems and 
equipped to pursue their solution. More- 
over he has obtained practical experience 
doing actual engineering work of varied 
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types in regular departments alongside 
experienced men. 


Discussion 


H. W. Bibber (Ohio State University, 
Columbus): Stevenson and Ramo’s paper 
will stimulate the thought of any teacher of 
electrical engineering who reads it with the 
problems of education in our field in the 
foreground of his mind. 

To begin with, how is the student a few 
years out of college going to have the basic 
concepts in electricity which we gave him, 
widened in scope and extended to cover the 
ultrahigh frequencies which have now 
come on the scene? Here is a chance for 
the AIEE to help, by the publication in 
ELECTRICAL ENGINEERING of educational 
articles specially written for this purpose. 

Next, the authors statements as to what 
the industrial practice of high-frequency 
engineering requires is very reassuring to 
teachers who have been advising students 
who wished to enter this field, to take gradu- 
ate work with particular emphasis on mathe- 
matics and advanced physics. Only a small 
proportion of students interested in this 
field can hope to secure employment with a 
company that has a training course like the 
one described in this paper. 

The quotation from John Dewey serves 
to remind college teachers of the necessity 
of continuing some organized laboratory 
work at the graduate level, in order that 
use may be made of principles set forth in 
lectures or in books, “‘in the recognition and 
solution of a problem’’. It is fortunate that 
high-frequency phenomena may be studied 
with laboratory equipment that is not be- 
yond the means of the larger colleges to 
buy or build from parts. The same cannot 
be said of the study of power systems or 
large machinery. Postgraduate study while 
employed in industry has so many ad- 
vantages that it is only fair to mention one 
which college postgraduate instruction 
possesses. That is the easy availability of 
laboratory facilities to students to settle 
immediately minor points that may arise in 
the solution of a major problem. If a stu- 
dent runs into a question of whether an as- 
sumption or simplification is justified dur- 
ing an evening’s work on a long problem, 
he may try it out the next morning with a 
minimum of red tape in securing permission. 

It is true that colleges tend to organize 
and co-ordinate their instruction with as- 
signed problems in courses in order to give a 
student in a few months a knowledge of 
principles which it took earlier pioneers in 
the field many years to learn from hap- 
hazard experience. But they do recognize 
that at an advanced level it is essential for 
a student to work on problems of an original 
character, whether he has already mastered 
the theory necessary to their solution or not. 
The master’s thesis and the doctor of philoso- 
phy dissertation are the academic answer to 
this necessity. A fair share of a graduate 
‘student’s time is usually devoted to such 
work, and the award of an advanced degree 
is usually based on satisfactory demonstra- 
tion of ability to think independently. 

In speaking of ingenuity, the authors 
state that the colleges (especially in the 
undergraduate years) have little time to 
detect this ability, and in many other places 
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throughout the paper there is either direct 
reference to the lack of time and crowding 
of the curriculum or inferences to the same 
effect. To speak of the area I know best, 
I must agree that the curriculum in the 
great state universities needs lengthening 
in time with only minor additions to con- 
tent. If the pressure on our students could 
be relieved in part they might be encouraged 
to show inventiveness in their regular course 
work, or outside of it. They would have 
time to make use of shop privileges for con- 
structing devices, privileges that I believe 
are widely offered but little used. 

The extension of the curriculum to five 
years in the state universities should be 
just a reduction of the credit units per 
semester, and not a preliminary year (or 
two years!) of arts work before coming to 
engineering. 

The authors properly place much stress 
on analysis as one of the desirable qualities 
to be sought for and developed in students. 
The counterpart of this quality they men- 
tion as “inventiveness,” without stressing 
an educational point which I believe is im- 
portant precisely in connection with high- 
frequency work. It is suggested by the 
item in their list of ‘‘theoretical bases’’ of 
course content entitled ‘‘Introduction to 
synthesis methods’’, which is probably in- 
tended to apply to synthesis of networks. 
Most teachers would agree that synthesis 
should have a far larger place in the scheme 
of engineering education than it does. It is 
certainly the fundamental psychological 
process involved in designing new equip- 
ment. Some training in it seems to come as 
a reflex from training in analysis, and in the 
machinery field it is difficult to carry out. 
Thus it would be impracticable to have each 
student make and put together the lamina- 
tions, windings, shaft, and frame of a par- 
ticular motor that he had designed. 

But in the high-frequency field, labora- 
tory work intended to develop synthesis is 
far more practicable. Electron tubes can 
be built by students themselves within a 
wide range of dimensions, and circuits built 
up from a stock of parts which are luckily 
not so expensive as to prevent a college labo- 
ratory from having enough on hand to 
supply its graduate students. It seems to 
me that it is in high-frequency work in 
colleges that synthesis as an intellectual 
process in electrical engineering may be 
taught to the extent that it can be taught 
at all. 

A perusal of this paper serves to empha- 
size the enviable situation of students who 
secure employment with a big company 
that can afford to operate a training course 
—and has the vision to see its value to its 
future operations—such as that described. 
For those recent graduates employed in 
metropolitan districts, the evening courses 
at the graduate level recently started by 
some colleges, such as those in the New 
York City region, may serve as a partial 
substitute. 


Ernst Weber (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): As the authors 
point out properly, the average four-year 
college program in electrical engineering 
cannot find time for “fundamental” courses, 
that is, courses which develop the prerequi- 
site mathematical and physical concepts in 
a rigorous manner and show their applica- 
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_ Advanced differential equations (D) 


Table | 
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Mathematical Tools 


Vector analysis (M) 
Functions of a complex variable (M) 


Higher mathematical analysis I 
Matrix and tensor analysis 


{ Basic Theory 
ee ee 
Maxwell's field theory (4M) 
Operational circuit analysis (M) 
Fundamentals of mechanics (D) 
Fundamentals of radiation 


Fundamentals of electronics 
Statistical mechanics (D) 


Applications 


Power transmission and distribu- 
tion 

Advanced electrical machinery 

Network analysis 

Network synthesis 

Electronic tubes and circuits 

Higher mathematical analysis II 


Quantum mechanics 


tion in practical problems. One might per- 
haps refer to the usual undergraduate pro- 
gram as a first “sightseeing tour’ to be 
followed in the postgraduate programs by 
real “exploration”. In this sense, the out- 
line offered by the authors is an excellent 
contribution from the point of view of in- 
dustrial training courses and comes very 
close to our own graduate program except 
that we spend more time on the individual 
phases and use considerably more rigor in 
keeping with formal academic training. 
Thus, our program for the advanced de- 
grees comprises essentially the individual 
courses listed in table I of this discussion 
and grouped in a manner similar to the 
authors’ listing of topics, though not neces- 
sarily implying a definite sequence. The 
courses required of all students for the 
master’s degree are marked (M), and those 
required additionally of all students for the 
doctor’s degree are marked (D). For 
specialization in the field of power or com- 
munication engineering a sufficient choice of 
selective courses is available, including 
courses in other fields not listed in table I. 
The similarity between the fundamental 
first year of the General Electric course 
and our required courses is striking, as is 
also the parallelism of the two years in the 
high-frequency section of General Electric 
and our own elective list for students special- 
izing in communication engineering. This 
need not surprise one in view of the fact 
that most of our evening graduate students 
come from the research and development 
laboratories of the industrial and manufac- 
turing companies of the metropolitan area 
of New York and, therefore, represent just 
as selected a group of interested and pro- 
gressive young men as are admitted to the 
General Electric training-course program. 
In fact, our students usually bring with 
them a rich store of individual experience 
which makes teaching an enjoyable and 
gratifying activity. Again, as the authors 
point out, the success of such a fundamental 
program depends primarily upon the spirit 
in which it is carried on and that in turn has 
very much to do with the teachers of the 
courses. The great advantage of an in- 
dustrial training program is the availability 
of nationally known experts in the particu- 
lar subjects of study, but there is no reason 
why the same should not be true for the ad- 
vanced courses in a well-organized graduate 
school. More and more emphasis is now 
given to the appointment of experts to 
teaching positions in the graduate divisions 
and to encouragement of industrial contact 
of teachers by means of conferences, of 
summer work, and of subsidized research. 
This is particularly true for our graduate 
division to which we also were able to at- 
tract eminent part time faculty members 
from the metropolitan industrial concerns. 


Jury 1940, Vov. 59 


Thus, the old criticism that school training 
is dry and impractical can no longer be 
maintained with respect to a graduate pro- 
gram of the kind indicated above. 


E. A. Guillemin (Massachusetts Institute of 
Technology, Cambridge, Mass.): The basic 
ideas set forth in the paper by Messrs. 
Stevenson and Ramo with regard to post- 
graduate work at the General Electric 
Company are unquestionably sound. They 
apply equally well, however, to the under- 
graduate curriculum where in fact it is 
essential to instill in the students’ minds 
ideas which, even though they are elemen- 
tary, are entirely consistent with the funda- 
mental principles of electromagnetic theory 
to be developed later. It was this thought 
which motivated the rather comprehensive 
revision of the basic undergraduate curricu- 
lum for the electrical-engineering depart- 
ment of the Massachusetts Institute of 
Technology begun some nine years ago. 
The undergraduate work cannot be as com- 
prehensive as the usual undergraduate 
plus graduate study, of course, but there is 
no reason why, by proper selection of ma- 
terial and form of presentation, the under- 
graduate work cannot provide a background 
which is thoroughly sound with regard to 
fundamental principles so that these need 
only to be amplified, and not discarded for 
lack of soundness, when the student pro- 
ceeds to build upon them in his graduate 
study, whether this is done in college or 
carried on in connection with his practical 
work in industry. The very fact that the 
industry finds it necessary to give a graduate 
course of this nature indicates that the need 
for doing something of this sort in the under- 
graduate curricula (and perhaps in some 
graduate curricula) is not generally recog- 
nized. 

As a specific example let us consider a 
semiqualitative discussion of the relation 
between field theory and circuit theory. 
One naturally cannot expect a sophomore 
to fully master the mathematical mecha- 
nism necessary for a complete discussion of 
this rather complex problem. On the other 
hand, it is entirely possible and appropriate 
to forewarn the student that the lumped 
circuit parameters (R, L, and C) as calcu- 
lated by the ordinary engineering methods 
are merely approximations which are ade- 
quate for the lower-frequency ranges. 
Qualitative reasons for this can readily be 
given; it is even possible to derive rough 
criteria which show when and why the sim- 
ple methods may be expected to fail. Even 
if this first presentation is not properly 
digested by the student, he has at least 
acquired an open mind on the question and 
need not suffer disillusionment later on in 
finding things to be only half true which he 
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had always been led to understand were 
the whole and unshakable truth. 

It is another principle in our scheme of 
undergraduate instruction that when a 
conception is sufficiently fundamental, 
though admittedly difficult to assimilate, a 
certain percentage can eventually be made 
to “stick” if brought to the student’s atten- 
tion in smali doses at sufficiently frequent 
intervals. In our opinion it is definitely 
unsound to maintain that certain so-called 
“advanced” concepts are inappropriate for 
undergraduate instruction. A course of 
action based upon such a premise makes the 
shock fatal when the time comes to tell the 
truth. 

Here at MIT, after a certain background 
for the relation between electromagnetic 
field theory and circuit theory has been laid 
in the sophomore work, the student is con- 
ditioned to a certain degree to receive a more 
substantial dose in a subject dealing with 
transmission line theory which is given to 
the seniors in the communications option. 
This subject is introduced by an elementary 
discussion of electromagnetic wave propaga- 
tion—plane waves in free space, conductors, 
or semiconductors, surface waves and the 
accompanying phenomenon of skin effect. ' 
The theory of the radiating dipole and its 
application to antenna problems, which 
forms the concluding material in this sub- 
ject, follows also quite logically from the’ 
same introductory discussion. 

It is fully realized that only a few of the 
abler students get more than a moderate 
grasp of the more advanced portions of 
such a discussion. We have no illusions on 
this score. But we do feel that attempts of 
this nature are worth the time and effort. 
For if some of the men do continue in this 
field in their graduate work it will then be a 
third exposure for them and they should be 
in a position to accomplish something worth- 
while, whereas a serious treatment of funda- 
mental electromagnetic theory will still be 
just a play of symbols to them if it is their 
first exposure. 

There is, of course, a certain amount of 
good judgment in postponing the presenta- 
tion of material of a more special nature 
until the graduate year because of the fact 
that the average graduate class is a more 
select group of students from the standpoint 
both of ability and serious interest. How- 
ever, it is also possible to inject into the 
undergraduate teaching procedure the neces- 
sary flexibility to make available to the 
student a variety of opportunities to suit 
the individual or group interests and abili- 
ties. The procedure of sectionalizing 
according to mental speed, the individual en- 
couragement given the more able students, 
and the operation of the honors group sys- 
tem are methods which have proved useful 
toward making possible the differentiation 
in subject matter and in teaching procedure 
necessary for effectively carrying out a more 
ambitious program. 

The comprehensive written and oral ex- 
aminations given the honors group men in 
place of the ordinary term examinations 
provide original problems of a comprehen- 
sive nature (contributed by practicing engi- 
neers) requiring for their solution the initia- 
tive and perspective which Messrs. Steven- 
son and Ramo point out as being essential 
to the proper training of student engineers. 

Finally I would like to state the opinion 
that graduate courses in the industry ex- 


TRANSACTIONS 379 


cepting those peculiar to a particular indus- 
try are fine for those students who cannot 
afford such study in college, but since this 
type of work is a side line for the industry 
it should follow that the college, whose pri- 
mary responsibility is teaching, can do a 
better job of it. On the other hand it is 
clear that efforts of this sort on the part of 
the industry are bound to have beneficial 
effects, not only within their own group 
but also in academic circles because such 
activity cannot but stimulate thoughts 
along these lines by men having teaching 
responsibilities and thus lead them to make 
more constructive appraisals of their own 
efforts. 


C. Francis Harding (Purdue University, 
Lafayette, Ind.): Although possibly . di- 
rected more effectively to the selection of 
personnel for such an advanced course than 
to the content thereof, I would like to ask 
what credit and advancement are available 
in such a program for those who have se- 
cured their master of science or doctor of 
philosophy degrees in the graduate schools 
of universities and colleges? Although it 
has been stated that such courses in indus- 
try are not in competition with similar 
graduate courses in the universities, yet 
unless advanced students entering industry 
ean capitalize upon such university gradu- 
ate training the competition does really 
exist and the time is actually lengthened 
during which the new employee must re- 
main in training before he is able to carry 
responsibility. 

The five-year courses which are being 
considered at various universities and the 
relation of their resultant product to the 
regular four-year curriculum, plus a year’s 
graduate course in industry, have been 
presented. The necessity for more time for 
assimilation of the curriculum and for thesis 
or other original work on the part of the 
undergraduate student has been empha- 
sized. It may be of interest to note that 
Purdue University has just established two 
new five-year curricula in engineering to 
meet such needs. Curriculum B is identical 
in content, and in the bachelor of science 
degree granted, with the present curriculum 
A except that it is spread out over five 
years. Curriculum C contains approxi- 
mately 24 credit hours of nontechnical sub- 
jects with the specification that there shall 
be included therein a minimum of three 
extra hours of economics, six hours of his- 
tory and/or government, and six hours each 
of advanced mathematics and physics. 
The remainder of the extra credit hours are 
expected to include more of the humanities, 
English literature, and social sciences. The 
same bachelor of science degree is granted 
with certificated recognition of the extra 
work which has been accomplished. The 
minors of a master of science degree may 
also be satisfied in such a curriculum if the 
subjects are selected with proper care and 
approval. 

These curricula should not be considered 
as replacing, in any sense, the present 
standard four-year engineering curricula. 
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They are made available as substitutes for 
those interested in devoting more time to 
the securing of the bachelor of science de- 
gree or for those who wish to secure a 
broader cultural background for such a de- 
gree. They are not expected to decrease the 
interest in, nor the election of, the require- 
ments for the more rigorous curricula lead- 
ing to the master of science degree. 


R. W. Sorensen (California Institute of 
Technology, Pasadena): If I were to apply 
the common critical methods of my occupa- 
tion to this paper, I would begin by changing 
the title to the extent of eliminating the 
word ‘‘new”, thus having the title read: 
“A Postgraduate Course in Industry in 
High-Frequency Engineering’”’. I do this, 
because I am not acquainted with any other 
postgraduate course in high-frequency engi- 
neering and I would like to give full credit 
to the authors for their original, efficient, 
and complete way of laying the proper 
groundwork or foundation for a particular 
engineering activity incident to the work 
being done by the company by which the 
authors are employed. When many of us 
were young men just out of college, our 
training courses with industry were quite 
different. We took our place in the shop 
with the workmen and organized our own 
theoretical classes or seminars, if any. 

As a college teacher, I am more than 
gratified to note the continued introduction 
of special advanced courses by industry to 
meet the needs which arise, particularly as 
these courses are of a type that not only 
supplements the work done by technical 
men in college, but continues to develop in 
these men, in parallel with their supplemen- 
tary practical work, an interest and a facil- 
ity in the theoretical and analytical aspects 
of the work they are doing. 

The course under discussion is such that 
it could well be a regular graduate course 
given in an engineering college, and therein 
lies one danger which should be avoided. 
That is, I think colleges should not give 
courses of the type described, not because of 
lack of quality or trend of such courses, but 
rather because such courses are too special- 
ized for a general course and hence are too 
specialized for college courses. 

In fact, one of the authors of this paper 
and builders of the course described in the 
paper is a young man recently out of college 
who did not have such a course as a part of 
his college curriculum. Nevertheless, he 
has been able to plan and teach the course 
here outlined. He could do this, because he 
obtained a doctorate degree for the comple- 
tion of a graduate course in electrical 
engineering, a considerable part of which 
comprised advanced courses in physics and 
mathematics, taught by the ablest of 
teachers and research men specializing in 
these subjects, rather than by engineers 
somewhat versed. in mathematics and 
modern physics. Even as an undergraduate, 
the college course which the author had, 
provided some tools for doing work of the 
type described in this paper. As the use of 
one tool was mastered by Doctor Ramo 
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other subjects listed as tools in this paper 
were added, very much in the order named, 
as his work continued throughout the gradu- 
ate course. 

In fact, about the only contribution which 
I see can be made to the paper by my dis- 
cussion is to show that the course de- 
scribed is sound, because it provides the 
men taking the course with technical ability 
which will enable them to make analyses 
which keep pace with the developments 
that take place in this field in laboratory 
and shop. Also, it provides for a continua- 
tion of theoretical and analytical study by 
men who have been properly prepared for 
such work and thus further knits together 
our whole program of education in college 
and industry through a co-operative rather 
than a competitive program. 

As long as colleges confine graduate work 
to equipping men with analytical tools 
rather than endeavoring to do things which 
naturally pertain to industry, in the way of 
developing designers, etc., and do not make 
graduate courses merely continuations of 
undergraduate work—just so long will our 
whole educational program be an efficient, 
co-operative one between the colleges on 
one side and industries on the other. 


A. R. Stevenson, Jr., and Simon Ramo: 
It is reassuring to the authors to find their 
colleagues in the colleges, who are specialists 
in the field of engineering education, in 
general agreement as to the advisability of 
training along broad, fundamental lines in 
preparation for engineering work in high 
frequency and electronics. 

The question has been raised as to what 
credit and advancement are available to 
students with advanced degrees in a pro- 
gram such as we have described. To answer 
this, it should first be pointed out that there 
is no “‘standardization” in the placing and 
developing of men in the General Electric 
Company. This applies also to the placing 
and training of men in our advanced course. 
Each man is considered as an individual 
case. We have had some doctors of phi- 
losophy whose ability and training were suf- 
ficiently removed from that which we try 
to develop in the course that they were not 
able to complete the work of the first year. 
Others have been given only one or two 
years of the three-year course and some have 
been given the job of supervising a year of 
the course which they did not take. 

We like to have men with advanced train- 
ing in our classes both as students and lec- 
turers. We depend upon these men who 
come to us with new tools learned under 
skilled professors to add to our course ideas 
of which we might not otherwise be aware. 

It has been stated in discussion that co- 
operation between industry and the colleges 
makes for the most efficient educational 
program. From our standpoint, this state- 
ment has already been borne out well by 
the discussions presented by the teaching 
profession; many ideas were put forth 
which will help us to improve our educa- 
tional system and make the best use of the 
collegiate training of the student engineer, 
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Synopsis: It is found experimentally that 
the efficiency of condensation of mercury 
vapor on cold metal surfaces is quite low. 


The condensing efficiency of steel surfaces 


is increased several fold by positive-ion 
bombardment of the surface. Nickel sur- 
faces condense mercury vapor several times 
as efficiently as steel. The operation of a 
high-voltage ignitron rectifier was greatly 
improved by positive-ion bombardment of 
the condensing surfaces. 


N mercury-are power converting tubes, 

there is a continuous evolution of 
vapor from the mercury-pool cathode. 
This vapor is recondensed upon con- 
densing surfaces which are kept cool by 
water, in larger tubes, and forced or 
natural circulation of air, in smaller 
tubes. The vapor density existing in a 
tube will then depend on the dynamic 
balance between the evolution at the 
cathode, and the removal of vapor by 
condensation at the condensing surfaces. 


~ It is well known that the successful opera- 


tion of mercury-arc tubes is strongly 
dependent upon the vapor density being 
kept low, at least in the neighborhood of 
the anodes. If the temperature of the 
condensing surfaces is allowed to exceed 
60 degrees centigrade, operation usually 
becomes unsatisfactory due to excessive 
frequency of are back. 

In estimating the vapor density which 
might exist in mercury-arc tubes, the 
authors, and probably also mercury-arc 
tube engineers generally, had not been 
seriously concerned about a possible low 
efficiency for condensation on the con- 
densing surfaces. Elementary mechanical 
considerations lead them to believe that 
heavy mercury atoms, striking a surface 
made up of atoms not heavier than mer- 
cury atoms, should lose all their kinetic 
energy with no recoil, and come to rest 
on the surface. Thus, all mercury atoms 


Paper 40-72, recommended by the AIEE sub- 
committee on electronics, and presented at the 
AIEE winter convention, New York, N. Y., 
January 22-26, 1940. Manuscript submitted 
November 6, 1939; made available for preprinting 
January 2, 1940; released for final publication 
February 23, 1940. 


JosEPH SLEPIAN is associate director of research of 
Westinghouse Electric and Manufacturing Com- 
peny, East Pittsburgh, Pa.; W. M. BRUBAKER 
is with the same company. 

1. For all numbered references, see list at end of 
paper. 


Jury 1940, Vov. 59 


Gendensatior of Mercy In 


Mercury-A\rc Tubes 


W. M. BRUBAKER 


NONMEMBER AIEE 


reaching the surface should be condensed, 
with no direct reflection, and mercury 
atoms should leave the surface again only 
as re-evaporation. Because of the low 
temperature of the condensing surfaces, 
this re-evaporation is generally negligible. 
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Figure 1. Mercury-condensation chamber 


In estimating vapor densities, therefore, 
the authors never took into account a 
possible counterflow of molecules from 
the condensing surfaces, and it seemed 
that condensing surfaces generally used 
were sufficient to ensure a low vapor 
density at the anodes of tubes in opera- 
tion. 

It was a considerable shock, therefore, 
when Doctor R. C. Mason! called their 
attention to the fact that only for ex- 
tremely clean condensing surfaces is the 
direct reflection of mercury atoms neg- 
ligible, and that slight contamination, 
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quite unavoidable in practical tubes, 
would reduce the condensing efficiency to 
very low values. This phenomenon has 
been known a long time to physicists,? 
but its significance seems not to have been 
appreciated by engineers. 


It seemed desirable then to make a 
direct study of the efficiency of condensa- 
tion of mercury on various surfaces under 
conditions similar to those existing in 
practical operating mercury-arc _ steel 
tanks. Also, it was desired to check the 
idea that continuous positive-ion bom- 
bardment might keep condensing sur- 
faces sufficiently free from contamination 
that their condensing efficiency might 
be kept high. 


Apparatus 


The apparatus in figure 1 was built 
around an experimental ignitron tank as 
a foundation. The coils which are 
soldered to the sides and bottom of the 
tank were connected so as to form a 
closed circulating system with a water 
pump, electric water heater, and a ther- 
mostat. Thus, the temperature of the 
mercury in the bottom of the tank was 


_ known to the accuracy of the operation 


of the thermostat, which was plus or 
minus one-half degree centigrade. The 
special top plate, with provisions for three 
small electrodes was made for this experi- 
ment. The three electrodes were in- 
sulated from the rest of the apparatus 
by the porcelain spacers; the bolts which 
held them in place were insulated from 
the electrodes by Micarta bushings. Two 
of the electrodes were of the shape and 
size of the one shown on the left, while 
the third was an “‘anode,”’ as shown on 
the right. Glass funnels under each of 
the two similar electrodes conducted the 
mercury which condensed on to and fell 
from the condensing tubes to the two 
barometric columns. Mercury so col- 
lected was drained from the barometric 
columns and weighed at suitable intervals. 
Readings taken in this manner had no 
effect on the conditions within the cham- 
ber. The third electrode, as shown, was 
used as an anode when it was desired to 
run an are in the chamber, simulating 
conditions in an ignitron. Tap water 
was used to cool the condensing tubes. 
Seasonal fluctuation caused the tempera- 
ture of the tap water to vary between 
10 and 25 degrees centigrade. The vapor 
pressure of mercury in equilibrium with 
condensed mercury in this temperature 
range is low in comparison with that at 
60 degrees centigrade, as the pressure 
doubles for each 10-degree rise in tem- 
perature in this range. | 
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Calculation of Efficiency 
From Observed Condensation 


Besides directly investigating the rela- 
tive yields of condensed mercury from 
various surfaces under different condi- 
tions, it is desirable to make an estimate 
of the efficiency, or condensation, coeffi- 
cient. This coefficient may be defined 
as the number of molecules condensing 
divided by the number of molecules 
striking the surface. If the area under 
consideration is a condensing surface of 
extremely poor efficiency, so that there is 
no appreciable flow, a formula from 
simple kinetic theory may be used to 
compute the number of molecules which 
strike the surface per second. At the 
other extreme, a surface of 100 per cent 
condensing efficiency appears to the 
condensing vapor as a hole into a com- 
pletely evacuated chamber. In this case, 
the vapor at the condensing surface is in 
a state of flow, and its density and tem- 
perature are different from that of the 
vapor at rest far from the surface. We 
may calculate what this flow will be by 
using the mathematical theory of the 
mechanics of continuous fluids, although 
we must recognize that at the condensing 
surface this theory fails to be applicable, 
since the vapor there, with its non- 
Maxwellian distribution of molecular 
velocities, cannot be said to have a scalar 
pressure and temperature as contem- 
plated in fluid mechanical theory. How- 
ever, this theory should be applicable up 
to within a few molecular mean free 
paths from the surface. We may then 
attempt to modify the simple kinetic- 
theory formula, by taking into account 
the flow and the altered density and 
temperature predicted by the continuous- 
fluid mechanical theory. 

Kinetic theory gives v the number of 
molecules crossing from one side to the 
other side of a unit surface in unit time 
in a gas in equilibrium as 


v=1/,Nc 
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Figure 2. Calculated efficiency as function of 
observed yield 
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where WN is the number of molecules per 
unit volume, and c is the mean velocity of 
thermal motion. The weight in grams 
of these molecules is 


M M 
Wer =p|——— =48.7 X107° y" (1) 
ae \25 PNT 


where p is the pressure, dynes per square 
centimeter, M the molecular weight, T 
the absolute temperature in degrees 
Kelvin, R the gas constant in ergs per 
degree, and the units of area and time 
are the square centimeter and second. 
From the mechanics of continuous 
fluids the mass of a perfect gas flowing 
per second across an area of one square 
centimeter at a point where the density 
is p grams per cubic centimeter, and the 
pressure p dynes per square centimeter is 


Wr= en Popo{x?—x¥t1} 
\ y—-1 


where 0,09 are pressure and density at 
a point where the fluid is at rest, y is the 
ratio of specific heats and 


(2) 


x=p/po 


Experimentally, Wobservea, the observed 
rate of condensation per square centi- 
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Figure 3. Effect on condensation of voltage 


applied to condenser 


meter is measured. Obviously, near the 
condensing surface 


Wore= Vp = Vxpo (3) 


where V=mean or hydrodynamical 
velocity of motion of the gas toward the 
condensing surface. Assume that the 
molecules of the gas have a Maxwellian 
distribution of velocities about a set of 
axes moving toward the surface with the 
velocity V, although as mentioned before, 
this cannot be true within a mean free 
path of the condensing surface. From 
equations 2 and 3, we calculate V and x. 
We then return to (1) and modify it to 
obtain an expression for the number of 
molecules striking the surface in terms of 
the pressure and temperature of the 
vapor in regions unaffected by the con- 
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densation, and where it is at rest, taking 
into account the effect of the hydro- 
mechanical motion corresponding to the 
observed rate of condensation. Equation 
1 is derived by integrating ; 


pf wfeoau 
0 


where f(u) is the Maxwellian distribution 
function for the velocities in a direction 
perpendicular to the area. If the body 


of the gas or vapor is approaching the 
surface with a velocity V, the distribution 
As we are 


function will be f(u—V). 


PER CENT EFFICIENCY 


Figure 4. Decrease of condensing efficiency 
with time after bombardment 


interested in knowing how these condi- 
tions deviate from those in our first 
equation, we let 


f uf(u—V)du 
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and a is the most probable molecular 
velocity. Thus, equation 1 should be 
multiplied by R to allow for the motion 
of the vapor toward the condensing sur- 
face. 

As the gas moves toward the con- 
densing surface, it undergoes an adiabatic 
expansion. The changes in p and T 
from the equation of state of a perfect. 
gas are given by 


1 
() 
Po Po To 


where y is the ratio of the specific heats. 
which for mercury vapor is 1.66. Hence, 
equation 1 will need to be modified to. 
allow for this changed density and tem- 


Geape! 
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value of a in the correcting factor R, is 
also a function of x. 

Combining all of these correcting fac- 
tors, we obtain for calculated mass of 
molecules striking a centimeter square of 
area of condenser per second, 

Cig 


Weorrected = Wire R 


= A(M, po, To, po, a0) F(Wors) (4) 


where A is a function of the conditions 
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Figure 5. Efficiencies of condensers during 
a test 


existing in the vapor at parts unaffected 
by the presence of the condensing surface. 

The corrected efficiency Wotservea> 
Weorreetea, Can then be calculated from the 
apparent efficiency, Wobservea/Wyr. A 
curve of corrected efficiency is plotted 
against apparent efficiency in figure 2. 
The data in this paper are expressed in 
terms of the corrected efficiencies as taken 
from figure 2. 


Experimental Results 


With the temperature of the condensed 
mercury 60 degrees, and that of the con- 
densing surfaces 10 to 25 degrees centi- 
grade, the efficiency of condensation of 
mercury vapor on freshly sand-blasted 
steel electrodes is found to vary between 
1.5 per cent and 8 percent. This variation 
is attributed to different surface condi- 
tions. 

Surfaces which have been roughened 
with coarse alundum cloth and washed 
in alcohol or benzene give results similar 
to sand-blasted surfaces, as do freshly 
machined (rough lathe turned) steel sur- 
faces. We found no treatment of a steel 
surface, prior to its insertion into the 
vacuum chamber, which would cause its 
efficiency of condensation to be higher 
than that of a sand-blasted surface. 
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To simulate conditions existing in an 
ignitron, the third electrode (on the right 
in figure 1) was used as an anode, and an 
average current of 15 to 50 amperes was 
passed through the tube when it was being 
used as a half-wave rectifier feeding a 
resistance load from a 220-volt a-c power 
source. It was found that the yield 
obtained from the condensing tubes 
during alternate one-hour periods when 
a 15-ampere are was run in the chamber 
was 20 per cent higher than that ob- 
served during the interspersed one-hour 
periods when no are was run. This was 
taken as an indication that the presence 
of the are raised the pressure of the mer- 
cury vapor in the tube by 20 per cent. 


Effect of Negative Voltage 
Applied to Condensing Surface 


The application of a negative potential, 
with respect to the cathode, to the con- 
densing tube is believed to cause it to be 
surrounded by a positive-ion sheath 
during the conducting half cycle. The 
thickness of the sheath, according to 
Langmuir’s theory of currents to a probe 
in a plasma, is small in comparison to the 
diameter of the condensing tube. Posi- 
tively charged mercury ions then will 
fall through the sheath and bombard the 
condensing surface with an energy which 
is proportional to the potential difference 
between the arc plasma and the condens- 
ing tube. The positive-ion current col- 
lected by the condensing tube does not 
vary as the negative potential of the tube 
is increased, which is as should be ex- 
pected if the thickness of the positive-ion 
sheath remains small, since this current 
is determined by the random positive-ion 
current density in the plasma, and all of 
the positive ions which come to the sheath 
are drawn to the condensing tube. 

The bombardment of the condensing 
surface by positive ions has a remarkable 
effect on its efficiency of condensation. 
The manner in which the efficiency in- 
creased as the negative potential was 
increased is shown in figure 3. These data 
have been corrected for the increase in 


mercury-vapor pressure caused by run-, 


ning the arc, as explained earlier. The 
observed increase in efficiency cannot be 
explained by the simple collection of 
positively charged molecules, since the 
current drawn by the condensing tube 
and the amount of condensation are of 
such magnitude that there are of the 
order of 1,000 mercury atoms collected 
for each positive charge. Hence, we 
must conclude that the positive-ion 
bombardment so alters the condensing 
surface as to increase its efficiency for 
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Figure 6. Decay in efficiency after stopping 
positive-ion bombardment 


the condensation of neutral molecules. 
The efficiency of the condensing surface 
as a function of time after the arc is 
turned off is shown in figure 4. The 
rate at which the efficiency decreases, 
as well as the value it reaches in a given 
time, is a function of the length of the 
preceding bombarding period; if the 
bombardment has been for a few hours 
instead of several days, as it was before 
the data of figure 4 were taken, the 
efficiency returns to its initial value of 
less than ten per cent in less than a day. 


Condensation on Nickel 


The condensation of mercury on a 
nickel surface was also investigated. 
One of the steel electrodes shown in figure 
1 was replaced by a similar one made of 
nickel, and in this manner the behavior 
of the two surfaces was compared under 
identical conditions. The interesting 
difference in the rate at which mercury 
condenses on the two surfaces is shown 
in figure 5. In this instance, the steel 
electrode had been bombarded by posi- 
tive ions before the nickel electrode was 
placed in the chamber. No arc was run 
after the insertion of the nickel electrode. 
The yield from the steel electrode declined 
as in figure 4, but the yield from the 
freshly sand-blasted nickel electrode in- 
creased during the same interval of time. 

When the nickel and steel electrodes 
are bombarded by positive ions, the 
maximum yield obtainable from each is 
similar. After the arc was turned off, the 
yields from the two electrodes decreased 
as shown in figure 6. 

When two freshly sand-blasted elec- 
trodes, one steel and one nickel, were 
placed in the evacuated chamber and a 
temperature difference between the mer- 
cury pool and the electrodes maintained, 
the interesting curves of figure 7a were 
obtained. The absolute yields show 
large fluctuations during the month 
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period, but the ratio of the yields from 
the nickel and steel electrodes as shown 
in figure 7b was remarkably steady after 
the first week. Some of the fluctuations 
were due to a change in the steady condi- 
tions of the experiment during weekends. 
These changes are noted in the figure. 

The much greater condensing efficiency 
of nickel as compared with steel is re- 
markable. The initial yields from the 
two sand-blasted surfaces are always 
similar, but the rate with which the yield 
from a nickel surface improves did vary. 
Thus, as shown in figure 5, the improve- 
ment was more rapid than in figure 7a. 
Apparently the rate of improvement de- 
pends on the time between sand blasting 
and the setting up of a temperature 
difference for condensation. 


Effect of Electric Excitation of 
Condensing Surfaces in 
Operating Rectifiers 


Some preliminary tests were made to 
determine whether improving the con- 
densing efficiency by positive-ion bom- 
bardment of condensing surfaces would 
give any improvement in performance 
of operating rectifiers. For these tests 
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Figure 7. Comparison of nickel and steel 
condensers over 30 days 


we used a pair of ignitrons as a full-wave 
rectifier, feeding into a resistance load at 
8,000 volts direct current. During the 
greater part of the test, the load current 
was maintained at 25 amperes, and the 
condensing surfaces were energized on 
alternate one- or two-day periods, un- 
energized on the intervening periods. 
The number and distribution of observed 
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arc backs are shown in figure 8a. The 
are backs appear to occur at random 
during both the energized and unener- 
gized periods. The average number of 
arc backs per hour was 0.862 and 0.08, 
a reduction of more than ten by the 
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energized, and the immediate ability to 
operate satisfactorily when the surfaces 
were energized were verified by data 
similar to that in figure 8b several times. 

However, when the tubes were being 
operated at 3,000 volts direct current, 
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Figure 8. Plot of arc-backs observed with 
two ignitrons feeding an 8,000-volt 25- to 
50-ampere resistance load 


Arc-backs indicated in figure 8a are for either 
tube, those in figure 8b are for the individual 
tubes 


application of potential to the condensing 
surfaces. 

The first part of the test was concluded 
by the failure of the mechanical vacuum 
pump. After the ignitrons had again 
been treated out, a short test was made 
at higher currents, to 50 amperes. The 
data of this test are shown in figure 8d. 
An entire day without a failure was 
obtained while the condensing surfaces 
were energized on September 15. The 
next day the surfaces of one tube at a time 
were de-energized, and the data for the 
two tubes are shown separately. Both 
tubes operated satisfactorily for a while, 
but the one whose condensing surface was 
de-energized soon began to fail. Tube 
2, when de-energized, ultimately became 
so bad that it would not carry the load 
for as long as one minute. When the 
surface was energized, it failed only twice 
in the following two hours. This com- 
plete failure to carry the greater load of 
50 amperes when the surfaces were not 
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and the are backs occurred infrequently, 
no definite improvement was obtained by 
the application of potential to the con- 
densing surfaces. Similar tests on larger 
ignitrons at 600 volts also failed to show 
conclusively that arc backs were reduced 
in number by improved condensation. 


Summary and Conclusion 


1. Very low condensing efficiencies for 
mercury usually less than ten per cent were 
found for water-cooled steel surfaces under 
conditions simulating those obtaining in 
practical steel-tank rectifiers. 


2. Positive-ion bombardment of condens- 
ing surfaces caused a great increase in their 
condensing efficiency. 


3. Nickel surfaces usually showed a con- 
densing efficiency several times as large as 
for steel surfaces. 


4. Positive-ion bombardment of the con- 
densing surfaces of an 8,000-volt d-c 25- 
ampere single-phase ignitron rectifier greatly 
improved its operating performance. Simi- 
lar treatment of a 3,000-volt 200-ampere 
single-phase ignitron, however, gave no 
improvement in performance. 
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Synopsis: Electric-power loads are in- 
creasing rapidly on airplanes and auxiliary- 


_ engine-driven generators offer dependable 


power sources independent of main engines. 
Minimum weight for the required capacity 
is essential in the design of generators, 
motors, and control. The a-c 110-volt 400- 
cycle three-phase system has been developed 
for large airplanes with heavy motor loads. 
Alternators rating 12.5 kva at 75 per cent 
power factor and two-pole motors running 
at 22,500 rpm full-load speed are available. 
Control apparatus builds up the alternator, 
establishes accurate voltage regulation, and 
provides direct current for excitation and 
battery charging. The 24-volt system is 
applied on airplanes using d-c power which 
have relatively light motor loads. Genera- 
tors rate 5 kw and are designed for speeds 
ranging from 3,200 to 6,000 rpm to con- 
form to prime-mover requirements. Motors 
have been built which run at 7,500 rpm. 
The control effectively regulates the volt- 
age, handles battery charging, and provides 
for starting the power plant. 


Featherweight Electrical Apparatus 


N engineer intently watches the 
speeding motor shaft—so fast that 

it is just a blur to the eye. The light 
of the stroboscope is turned on it and the 
shaft is seen stationary. The surface 
of the small 22,500-rpm rotor of the six- 
horsepower motor travels the distance 
from New York to Chicago in less than 
four hours. This is one of the impressive 
electrical developments for airplanes 
wherein speed goes up and weight comes 
down. There is an insistent demand to 


save “pounds” in aircraft electrical 
equipment and thus increase ‘‘pay-load”’ 
capacity. Featherweight generators, 


motors, and control are now available for 
such applications. 


Airplane Electric-Power Problems 


The growth of electric-power loads on 
airplanes coincides with increases in 
size, speed, and flying range. Aircraft 
developments have been extensive during 
the past few years, resulting in substantial 
boosts in the uses of electrical energy. 
Small 6- or 12-volt d-c automotive-type 
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generators, either main-engine driven 
or located in the air stream, have long 
served as power sources. These low- 
voltage systems are inadequate for mod- 
ern airplanes because of low weight 


ee 


Aircraft alternator 


Figure 1. 


This is a 400-cycle three-phase machine and is 
rated 19.5 kw, 120 volts at 75 per cent power 
factor. It weighs close to 100 pounds 


efficiency. It is necessary to apply large 
generators operating at relatively high 
voltage to assure economic installations. 
The result has been the development of 
the auxiliary-engine-driven power plant, 
trial of the five-kw main-engine-driven 
generators, and investigation of steam, 
hydraulic, and exhaust gas turbines as 
prime movers. 

The auxiliary-engine-driven generator 
offers a satisfactory means of power 
supply, continuously available under all 
operating conditions, independent of the 
main. engine. Units are designed to 
secure minimum weight for a specific 
flight time. This requires consideration 
of the weight of the fuel, oil, engine, 
generator, and control as well as the 
efficiency of the plant. Low fuel and 
oil consumption, which means high engine 
efficiency, are pertinent in equalizing 
the weight of fuel and oil with that of 
the engine. The generator requires the 
same consideration. A balance must 
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be reached for generator active parts in 
comparison with fuel and oil weight for 
a given flight period. 

Motors are being extensively used to 
perform various functions on airplanes. 
Light weight is essential and in this 
case, efficiency, the duty cycle, and 
ventilation affect design. Here again, 
efficiency has a bearing on the power 
used and can be evaluated in terms of 
fuel and oil weight. However, the duty 
cycle is a factor since high efficiency 
becomes progressively more important 
in terms of fuel and oil weight for 
momentary, intermittent, and continuous 
operation. Motor weight will go up with 
decreased ventilation which makes it de- 
sirable to limit the use of explosion-proof 
and enclosed types. 


110-Volt A-C System 


The 110-volt 400-cycle three-phase 
a-c system is applicable to large aircraft. 
Alternators have been built and tested 
which are rated 12.5 kva at 120 volts and 
75 per cent power factor, and weigh 
practically 100 pounds, The machines 
operate at 3,430 rpm, a speed which is 
fixed by the prime mover. Rotors have 
14 poles and are mounted on engine- 
shaft extensions to eliminate bearings. 
The same shaft extension carries a pro- 
peller-type fan which provides additional 
flywheel effect, cools the engine, and 
ventilates the alternator. Stators are 
attached directly to engines. 

Alternator efficiency is 92 per cent, 
a figure selected after an analysis of the 
weight of the complete power plant plus 
fueland oil. Above 92 per cent efficiency, 


A 400-cycle three-phase a-c 
aircraft motor 


Figure 2. 


This machine is rated six horsepower at 110 

volts and weighs slightly over 15 pounds. 

When operating at full load the speed is 
92,500 rpm 


TRANSACTIONS 385 


Aircraft electronic voltage regu- 
lator used with the 110-volt 400-cycle three- 
phase a-c system 


Figure 3. 


This device regulates the voltage of each of 
the three phases and accurately maintains the 
bus potential 


the increase in alternator active parts 
balances the fuel and oil weight reduction 
for a 40-hour flight. Overload capacity 
is determined by sudden load changes, 
such as may occur with the starting of 
large induction motors. This is par- 
ticularly true if the lights and continuous- 
running motors are operating and momen- 
tary starting loads are applied. This 
condition may reduce voltage too much 
and consequently alternators are designed 
for high current overload capacities at 
low power factors. 

Lightweight high-speed induction 
motors are well suited for 400-cycle 
three-phase operation. A wide speed 
range is obtainable by varying the num- 
ber of poles and machines have been 
designed to meet many different require- 
ments. Some applications demand high 
torques for’ momentary or intermittent 
use, while others need high efficiency 
for continuous operation. Two-pole 
machines have a synchronous speed of 
24,000 rpm and normally operate at 
22,500 rpm when fully loaded. The 
larger sizes develop double full-load 
torque with 3 to 3'/» times full-load 
current. 

The control regulates- the a-c power 
supply, furnishes 14 or 28 volts direct 
current for battery charging and d-c 
auxiliaries, establishes satisfactory par- 
allel operation, and practically eliminates 
radio or audio interference. The elec- 
tronic voltage regulator, which has been 
developed, is faster in response than the 
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mechanical type. Simpler and more 
positive antihunting methods are obtain- 
able for less weight. It is both a regula- 
tor and exciter in one device since d-c 
field power is provided by rectification 
from the a-c bus. The regulating tubes 
are in duplicate to assure reliability. An 
intermittent-rated Rectox and _ trans- 
former cause the alternator to build up 
from its residual magnetism. This func- 
tion is under the control of a small 
“Silverstat’”’ regulator which corrects for 
temperature variations in the circuit 
resistance. The transfer to electronic 
regulation is automatic by means of a 
small thermal timing relay. This method 
of initial build-up is necessary since suf- 
ficient time must elapse for the electronic 
regulator tubes to reach operating tem- 
perature before field current is obtained 
by rectification. 

The engine driving an alternator is 
started and automatically idled until it 
reaches operating temperature after which 
it comes up to normal speed. The alter- 
nator switch is then manually placed in 
the “build-up” position and the voltage 
rises to normal value under self-excitation 
and magnetic voltage-regulator control. 
After some 45 seconds, during which the 
filaments of the electronic regulator have 
reached normal operating temperature, 
the alternator control switch automati- 
cally trips to the “run” position. The 
machine is then under electronic regula- 
tion and may be connected to the main 
bus by closing a circuit breaker. When 
a second unit is started and is under elec- 
tronic regulation it may be connected to 
the bus by closing the circuit breaker. 
If a reversal of power occurs manual- 
reset wattmeter contacts function to 
disconnect the alternator from the bus. 

The battery-charging unit consists of a 
dry-plate rectifier fed from a three-phase 
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Figure 4. Avircraft battery charger for the 110-volt 400-cycle three- 


phase a-c system 


This dry plate type rectifier furnishes either 14 or 28 volts direct current 
for battery charging and the operation of d-c auxiliaries 


The aircraft control station contains 
all the necessary instruments and switches for 
the operation of two 110-volt 400-cycie 
three-phase a-c power plants 


Figure 5. 


transformer through a tap-changing de- 
vice under control of a mechanical voltage 
regulator. The rectified voltage is main- 
tained practically constant regardless of 
load and ambient temperature changes. 
A central control station contains the 
alternator circuit breakers, the manually 
operated build-up switch, and necessary 
metering equipment. 

The 110-volt 400-cycle three-phase 
system is suitable for lightweight radio 
equipment and is practical for three- 
phase induction motors. The use of 
three wires in conduits, together with the 
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Figure 6. This 4,000-rpm aircraft generator is 

rated 5 kw, 28.5 volts, 175 amperes. It has 

a five-minute rating of 7.5 kw. The total 

weight including the starting switch is just over 
50 pounds 


Figure 7. This aircraft generator is in the 

featherweight class and weighs slightly over 

40 pounds including the starting switch. It 

is rated 5 kw, 28.5 volts, 175 amperes, and 

will carry 7.5 kw for five minutes. It runs at 
6,000 rpm 
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proper balance of single-phase loads be- 
tween the three phases, avoids the im- 
pedance drops which occur with single 
phase. Motors will start and produce 
rated outputs without the use of cen- 
trifugal switches, external capacitors, 
and other control devices. Thus, the 
system is well adapted for application 
on large airplanes which make extensive 
use of electric power and have heavy 
motor loads. 


24-Volt D-C System 


The 24-volt system is becoming a 
standard on airplanes using d-c auxiliary 
power. Generators have been built which 
are rated five kw, 28.5 volts, 175 amperes 
and will carry short-time overloads of 
150 per cent normal capacity. Operating 
speeds are 3,200, 3,430, 4,000, and 
6,000 rpm and are determined by the 
available prime movers. In the case of 
the 6,000-rpm machine the engine runs 
at 3,000 rpm. Machines are designed 
with magnesium-alloy supporting brack- 
ets and housings to assure light weight. 
Fans are magnesium, aluminum, or a 
heavier metal depending on the added 
flywheel effect needed for the engine 
when the armature weight is insufficient. 
The effectiveness of this weight varies 
directly as the square of the radius and 
the fan is the largest-radius rotating 
member. Special iron alloys are used 
for the magnetic circuit. Insulation is 
composed entirely of glass, mica, and 
asbestos. Generator armatures and fans 
are mounted on shaft extensions and 
stators are bolted directly to engines. 

It appears that motor speeds will re- 
main at or below 10,000 rpm. The 
inherent limitations of armature con- 
struction and the high starting torques 
required tend to limit maximum speeds. 
Motors which have been built run at 
7,500 rpm as compared with the much 
higher speeds practicable with a-c in- 
duction types. The materials used and 
the insulation are essentially the same as 
for generators. 


Figure 8 (left). This aircraft generator runs at 

3,200 rpm and weighs just under 70 pounds 

including the starting switch. It is rated 5 kw, 

28.5 volts, 175 amperes, and will carry 6°/, 
kw for 15 minutes 


Figure 10(right). This aircraft voltage regula- 
tor and reverse-current switch is applicable to 
the 12-volt d-c system 


It weighs under four pounds and maintains 
accurately regulated bus voltage for 15-volt 
main-engine-driven aircraft generators 
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The control regulates the d-c power 
supply and furnishes charging current 
for a small battery. It automatically 
disconnects the battery when the power 
plant is shut down and functions with 
little radio or audio interference. The 
voltage regulator is a small lightweight 
device utilizing a modification of the 
industrial Silverstat. Contact main- 
tenance is practically eliminated by dis- 
tributing the regulating duty over 15 to 
20 contacts, each operating safely below 
the “sparking voltage’. Rocking-type 
bearings, spring restrained, minimize 
friction and wear. 

Change in regulated voltage during the 
warm-up period has been reduced by 
using low-temperature-coefficient wire in 
the regulator coil. Correction for am- 
bient-temperature variation is provided 
by bimetal compensation of the calibrat- 
ing-spring tension. The ratio of battery 
capacity to that of the generator is small, 
which makes it necessary that the reverse- 
current device drop out at a small current 
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Figure 9. This aircraft motor develops five- 
eighths horsepower at 25 volts and 7,500 rpm. 
It weighs close to seven pounds complete 
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The relay closes when generator 


value. 
voltage is one volt above battery voltage 
and opens on less than ten amperes reverse 


current. It operates the generator con- 
tactor which has silver contacts of 
adequate capacity to handle 175 amperes 
rated current. By using the generator 
as a motor to start the engine there is no 
need for a separate starting motor and its 
coupling. This combination of functions 
reduces equipment and cable weights since 
a separate heavy starting-motor circuit 
is unnecessary. 

The 24-volt d-c system appears to be 
best for standardizing on one potential 
for a number of different sized airplanes. 
It is possible to handle readily battery 
charging without upsetting present stand- 
ards. Two 12-volt batteries are appli- 
cable, thus facilitating changing from 12 to 
24 volts by having 12 volts available 
during the changeover period. The 24- 
volt system can be employed advan- 
tageously on the lighter types of air- 
planes which have small motor loads. 


New A-C and D-C 
Apparatus Available © 


The past 18 months has been a period 
of intense development of auxiliary 
engines, generators, motors, and con- 
trol for airplanes. The two systems now 
available—110-volt 400-cycle three-phase 
a-c and 24-volt d-c—meet present re- 
quirements and provide for future in- 
creases in the use of electric power. The 
former is well suited for large airplanes 
with predominating motor loads and the 
latter is an applicable standard for 
medium-sized craft with light motor loads. 


Discussion 


V. H. Grant (United States Navy Depart- 
ment, Washington, D. C.): Mr. Clardy has 
presented some interesting points on a-c 
power for aircraft. The Navy, having at 
least as extensive and complex aircraft elec- 
trical systems as exist today, has been under- 
taking a comprehensive research program 
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Figure 11. This aircraft 
voltage regulator and 
reverse -current relay 
handles the 24-volt d-c 

system 


It maintains 28.5 volts 
at the bus. The com- 
plete weight including 
cover is less than nine 

pounds 


on electric power for airplanes. Our re- 
sults to date do not check entirely with Mr. 
Clardy’s analysis, and a brief summary of 
our points of difference may be of interest. 

First, auxiliary engines for driving genera- 
tors are extremely expensive, as compared to 
main-engine drive, in reduced airplane per- 
formance and lower useful or pay load. 
An analysis which we made recently indi- 
cates that a 50,000-pound plane suffers less 
loss in performance by diverting 50 horse- 
power for auxiliaries from the main engines 
than in carrying additional auxiliary en- 
gines and the extra fuel and oil which they 
require. 

Second, a twin-engine airplane with two 
auxiliary engines is actually a four-engine 
plane, insofar as maintenance and overhaul 
are concerned. The small engines are al- 
most as complex to overhaul as are main 
engines. 

Third,. valuable space in the plane must 
be appropriated, and made soundproof and 
fireproof, for auxiliary engines. 

Fourth, auxiliary engines present an un- 
necessary additional target, in the case of 
military planes. 

True, main engines are “‘cleaned up”’ by 
the use of auxiliary engines, and a constant 
drive speed is obtained, permitting the use 
of a-c generators but these advantages are 
gained at a considerable penalty. And, 
whether we want alternating current after 
we have provided for its generation is ques- 
tionable, at least for our peculiar require- 
ments. Some of the arguments on this 
matter may be summarized as follows: 


1. Practically all our motors are of the momentary- 
duty type, requiring high starting torque; they 
are designed on the basis of torque rather than heat- 
ing. A d-c series motor is ideal for this service. 


2. D-e generators use simple regulators and may 
be paralleled easily. 


3. Battery stand-by may be used for vital services 
and for peak loads. 


4. Much of our load, if alternating current, would 
be operated from a single-phase source. Load 
balancing during emergency operation would 
probably keep the poor flight engineer too busy to 
do anything else. 


5. Voltage diversity would be simplified, but, to 
date, radio equipment, the only load requiring 
voltage change, cannot be operated in parallel with 
fluctuating power loads, owing to the light weight 
master oscillator circuits being very critical of 
supply voltage. 


6. High-speed motors, although very light in 
weight, require gear reducers of considerable 
weight to provide usable speeds. Starting these 
motors with their low torque, at low temperatures 
with the gear box grease congealed, may be a prob- 
lem. Also, the matter of bearing design and lubri- 
cation is by no means solved. 


7. Conductor weights are smaller with direct cur- 
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rent due to fewer wires, and to the absence of the 
power-factor problem; the power factor of an 
induction motor when starting is notoriously low. 


Mr. Clardy has mentioned high efficiency 
of equipment. Our studies, so far, indicate 
that generators, conductors, motors, etc., 
should have just about as low efficiencies as 
possible without burning up. The reason 
is, of course, the weight saving possible by 
“forcing” the equipment far beyond its 
maximum efficiency. Weight, in general, 
appears to be more important in deter- 
mining airplane performance than power 
input. 

It is the intent of my remarks to promote 
further discussion and thought on this mat- 
ter, which is by no means settled. The 
Navy will benefit as much as anybody from 
the final solution to the aircraft auxiliary- 
power problem, and will appreciate any 
other remarks. 


W. Jj. Clardy: Aircraft auxiliary-engine- 
driven power plants appear essential for 
ground or sea-level service in order to avoid 
main-engine operation for furnishing auxil- 
iary power. Increase in the use of such 
units will, naturally, lead to improvements 
to give better weight efficiency. The ac- 
cessibility, dependability, and small size 
of the auxiliary engine makes it relatively 
simple to inspect and maintain. Growth in 
the use of electric power on airplanes has 
stepped-up generator sizes. Gear boxes and 
drive shafts are needed for main-engine 
drives and the mechanical problems become 
acute in the case of large units. A main- 
engine-driven generator, drive shaft, and 
gear box should be just as good a target as 
an auxiliary-engine-driven generator—per- 
haps better since fire may be concentrated on 
main engines. 

The 110-volt 400-cycle three-phase a-c 
system has been developed to meet the de- 
mand for more power—10, 12.5, and 20 
kva in single power plants. Alternators are 
easily paralleled by merely bringing a second 
machine up to speed and closing the circuit 
breaker to connect it to the line. Batteries 
and battery chargers are used with the a-c 
system but it seems desirable to keep such 
heavy power sources to a minimum in the 
interest of weight economy. The proper 
balancing of single-phase loads can be 
worked out in advance of any emergency. 
It is entirely practicable to build light- 
weight radio equipment for the 110-volt 
400-cycle three-phase system and voltage 
regulation is extremely accurate. 

Light-weight high-speed induction motors 
are well adapted for 400-cycle three-phase 
operation. High starting torques are ob- 
tainable and alternators are designed for 
high current overloads at lowered power 
factors to avoid impairment of voltage regu- 
lation. Two-pole induction motors run 
at 24,000 rpm synchronous speed. Lower 
speeds are secured by increasing the number 
of poles. In a weight analysis it is neces- 
sary to include gearing required for a motor 
but even on this basis high speed is ad- 
vantageous. This seems to be borne out 
by the universal trend to higher speeds. A 
lubrication system has been evolved for 
24,000-rpm motors which appears to be 
satisfactory under all service temperature 
conditions. 

An airplane with an extensive motor 
load requires high voltage to avoid exces- 
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Some Impulse- Voltage Breakdown Tests 
on Oil-Treated Paper-Insulated Cables 
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_ Synopsis: Data are presented on impulse- 
_ voltage breakdown values obtained on oil- 
_ treated paper-insulated cables over the in- 
7 sulation thickness range from 0.187 inch 
_ to 0.600 inch. The average stress at break- 
down approximates 1,600-1,700 volts per 
mil. High-density papers show some su- 
_ periority over ordinary-density papers. 
Cathode-ray oscillograms of the testing 
wave (1!/.x40 impulse wave—positive 
polarity) before and at breakdown are in- 
cluded for a typical test. 


NFORMATION on_ the impulse 

strength of high-voltage apparatus has 
accumulated steadily in the last 20 years 
due particularly to advances in technique 
of. generation and measurement of high- 
voltage surges. Line insulators, bush- 
ings, transformers, and other apparatus 
have been tested. Cables have received 
attention during the last decade of this 
period, and the literature is beginning to 
record this information.!? 

This paper presents data on the im- 
pulse breakdown voltage of oil-treated 
paper-insulated cables over the range of 
insulation thickness from 0.187 inch 
(0.472 centimeter) to 0.600 inch (1.520 
centimeters). The impulse breakdown 
voltage at the latter thickness was of the 
order of 1,000,000 volts. Cable break- 
down tests are necessarily destructive of 
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sive weight in the distribution lines. This 
seems to eliminate the 24-volt d-c system 
when a large number of motors is used. At 
110 volts, the 400-cycle three-phase a-c 
system offers some attractive weight- 
economy possibilities because of high-speed 
induction motors. In considering auxiliary- 
power-plant efficiency on airplanes it is 
obvious that ‘‘weight efficiency”’ is the deter- 
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the sample and involve many samples and 
a costly preparation procedure. Data 
thus accumulate more slowly than in 
cases involving air flashover. These data 
have been accumulated over the period 
1931 to 1938. The testing technique has 
differed somewhat during this period; 
early tests employed a 1x10 wave (that 
is, One microsecond to crest voltage, ten 
microseconds to decrease to one-half crest 
voltage); later tests employed a 11/2x40 


16-foot (lead length) samples using stand- 
ard porcelain oil-filled terminals of usual 
design. All cable failures secured were 
in the leaded portion of the cable. 


Impulse Generator 


The impulse generator used for these 
tests has a 2,000-kv open-circuit rating 
and is of the parallel-charging, series- 
discharging type. The d-c charging volt- 
age is 200 kv for each of the ten parallel 
capacitor banks. The generator has a 
series capacitance of 0.0067 microfarad 
and a circuit inductance of 75 micro- 
henries. 

The circuit arrangement used is shown 
in figure 1. The wave-front time is de- 
termined by the resistance-capacitance 
combination R,C, and the wave tail by 
the resistance R, and the combined capaci- 


Table I. Specimen Sphere Gap-Cathode-Ray Oscillograph Calibration Check 


Surge- Sphere Gap (100 Cm) Cathode-Ray Oscillograph 

Generator Setting Voltage Corrected Milli- Deviation 
No. Excitation, Volts (Cm) (Ky) Ky meters Volts Ratio Ky (Per Cent) 
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Pressure, 77.37 centimeters mercury; 
correction, 1.052. 


wave. In all cases a positive impulse 
was applied to the cable conductor, the 
lead sheath being connected to ground. 

The tests on the thinner (0.187 inch) 
insulation were made on samples having 
ten feet of lead. The ends were built up 
with a varnish-cloth reinforcement over 
which was placed a spun-copper stress- 
distributing bell. This latter was con- 
nected to the sheath by a closely wrapped 
spiral copper braid on the lower slope of 
the varnished-cloth reinforcement. The 
whole cable was then immersed in an oil- 
filled tank. All other tests were made on 


mining factor. In the analysis of an auxil- 
iary power system there is no question 
about its importance. ‘‘Weight efficiency” 
requires consideration of the fuel, oil, en- 
gines, generators, control, distribution sys- 
tem, motors, lights, radio, and any other 
loads. The efficiency of a specific part of 
the system must be selected to attain the 
lowest total weight. 
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temperature, 14 degrees centigrade; relative air density, 1.056; gap 


tances C; and C,, The determination of 
these values is done experimentally and 
without delay on the oscillograph electric- 
transient analyzer.*® All oscillograph 
records were taken with the type HC-15** 
hot-cathode high-vacuum high-voltage 
cathode-ray oscillograph. 


Demonstration of 
Measurement Accuracy 


Standard procedure used in. these tests 
for calibration of the surge generator is 
given in the recently revised AIEE Stand- 
ard No. 4, ‘“Measurement of Test Voltage 
in Dielectric Tests’. This calibration 
recommends an intercomparison between 
sphere gap and cathode-ray oscillograph 
for demonstration of measurement accu- 
racy. These intercomparisons were made 
at frequent times during this cable-testing 
program. Record of one such compari- 
son is reproduced in table I. The devia- 
tion between sphere gap and oscillograph 
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Table Il. 
i 
Specimen Breakdown Test on High-Voltage Cable 


Thickness 315 Mils, 11/2x40 Wave 
Cathode-Ray Oscillograph 


i Time to 
Ss a Deflection 
Generator Divider Breakdown 
Number (Volts) Mm Volts Ratio Kv (u Sec) 
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41.1 average 


Table Ill. Impulse Breakdown Values for 33 Cables Having Oil-Treated Paper Insulation 
Ranging From 0.187 Inch to 0.600 Inch Thick, Tested at 25 to 30 Degrees Centigrade 


Thickness 
Conductor of Oil Viscosity Impulse 
Cable Size Insulation at 100 Deg F Breakdown 
Number (Stranded) (Inches) Paper Density (Saybolt Sec) (Kv Crest)t 
1 350 
2 350 
3 | 00 Brown and 350 
4 Sharpe *--eie seein ‘Oke yg imi? are ©) eee Un we ae ete PAAR. cog aec 350 
5 350 
6 375 
7 400 
8 a shljos cataaaei ase LOO Ree { 610 
512 
OLst5 Ors ace 
11 Aponc WUE sadas< 453 
12 461 
13 0.315....40 per cent 1.0-1.1, 60 per cent 0.8{..... WDsccsocc { 500 
14 : 490 
15 | 2,100,000 circular 555 
IB je HEA. coonnaoor 0.315....Mediumdensity =  ...., 100 acne: 559 
i te 559 
18 OREO ete rere 0 — eye LOO. sess 730 
19 { 765 
20 0.5006 So ea ee. Ganeeee 100.eeeee { 630 
a 648 
23 0.500....40 per cent 1.0-1.1, 60 per cent 0.8f..... TOO Neste ae 
24 { 940 
es 1,067 
1,104 
27 0.600....40 per cent medium, 60 per cent OCS ance LOOsAee ee 1,115. 
28 | 500,000 circular | 356 
DON ETILLS Seer nay tare { 916 
a 836 
32 lieseaes ...Medium density =  — ..... 100; cent ou 
33 1,014 


* Stranded; 0.420 inch outside diameter. Solid-type cable. 

** Hollow core; 1.890 inch outside diameter. Oil-filled cable. 

§ Hollow core; 1.03 inch outside diameter. Oil-filled cable. 

t Graded insulation with higher-density paper next to the conductor. 


ft Wave shape of first seven tests was 1x10, of all others 11/2x40 as defined b i 
(microseconds to half value). ear NISC 
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is below five per cent for this record and 
for all comparisons made during these 
tests, satisfactory accuracy for such 
measurements. 


Testing Procedure and Calibrations 
The routine followed in applying the 
impulses was as follows. The generator 


having been adjusted to give the desired 
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Figure 1. Impulse-generator circuit schematic 
diagram 


Constants shown are for the cables of group 
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Figure 2. Specimen oscillograph record of 
impulse-breakdown test on cable sample with 
calibrating records 


1-6—Successively applied impulse-voltage 
waves of increasing crest value 


7—Impulse wave producing cable failure 
8—Oscillator wave for time-axis calibration 


9—Direct-voltage records for deflection cali- 
bration 
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CODE FOR PAPER 
© REGULAR DENSITY , 0.8” 
@ HIGH DENSITY,1.0” To 1.1” 
@ MEDIUM DENSITY 


KILOVOLTS CREST + 


oO 0.10 0.1870.20 0.300.315 0.40 0.50 


Figure 3. Summary 
of impulse tests on 
cable insulation 


0.60 0.70 0.80 


INSULATION THICKNESS —INCHES 


wave shape and its excitation calibrated 
in terms of crest kilovolts, an impulse was 
applied to the cable of a magnitude well 
below (approximately 50 per cent) ex- 
pected breakdown. Successive single 
waves were then applied, each exceeding 
the previous wave by an approximately 
constant increment until a cable-insula- 
tion breakdown was obtained. Failure 
was indicated in the tests made in 1931 by 
the action of a surge-crest ammeter® in- 
serted in the ground lead from the cable 
sheath; in all tests made since that time 
a cathode-ray oscillograph® was em- 
ployed using a resistance voltage divider, 
and an oscillogram was obtained of each 
wave up to and including the one causing 
failure. The magnitude of the crest volt- 
age was obtained from the cathode-ray 
oscillograph deflection and voltage-di- 
vider ratio as indicated in table I. Prac- 
tically all failures occurred on or near the 
crest of the wave. 


Specimen Record 


A specimen oscillograph record is re- 
produced in figure 2 wherein are recorded 
the six full (1!/.x40) waves at increasing 
voltage amplitudes followed by the wave 
at 490 kilovolts crest which caused cable 
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failure. The eighth record is that of a 
500,000-cycle timing wave and the ninth 
a deflection calibration. The data per- 
taining to all these are given in table II. 
The recorded waves were analyzed to be 
1.55 microseconds to crest and 39.3 micro- 
seconds to half value on the wave tail. 


Results 


Figure 3 shows the results obtained in 
these tests. Plotted here is kilovolts crest 
against insulation thickness. Table III 
records the numerical values. No at- 
tempt has been made to draw a curve 
through the points. In fact, the disper- 
sion is such that a straight line fits the 
data as well as does a curve. A polar- 
co-ordinate system has been superimposed 
from which the average stresses (volts per 
mil) may be read. An average figure of 
1,600 volts per mil may be carried in mind 
as representative. 

It is not attempted to take account of 
the stress variation between conductor 
and sheath, although conductors from 
number 2 Brown and Sharpe to 2,100,000- 
circular-mil hollow with outside diameters 
of 0.420 inch and 1.890 inch respectively 
were used. The tests included several 
grades or densities of papers, and in gen- 
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eral the denser papers gave higher break- 
down values. In the presence of the 
natural variation or dispersion of the 
results, including the fact that many 
samples included graded insulations, an 
accurate statement cannot be made com- 
paring the different densities. We may 
perhaps infer that the dense papers yield 
results 10-15 per cent better than the 
lower-density papers. 

The results reported in this paper are in 
excellent agreement with those reported 
by Held and Leichsenring,? who tested 
over nearly the same range of insulation 
thickness. 

All the tests here reported were made 
with positive polarity and with waves of 
1 to 1*/, microseconds wave front. 
However, as far as analysis of breakdown 
values reported herein are concerned, the 
wave-shape change is not important. 
The wave fronts were practically the 
same, and failures occurred most fre- 
quently on or near the wave crest. A 
1x10 wave was used on the earlier tests as 
a compromise between the 1x5 and11/:x40 
waves then most common. Later, as 
the 1x5 wave diminished in use, all tests 
were made with the 1!/.x40 wave. 
These waves are those in most common 
use in this country for impulse testing. 
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Discussion 


Herman Halperin: See discussion, page 


399. 


P. L. Bellaschi and W. L. Teague: See dis- 


cussion, page 400. 
L. G. Smith: See discussion, page 401. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): Several years ago 
tests were made in the high-voltage engineer- 
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ing laboratory in Pittsfield to determine the 
volt-time characteristic of a cable. Al- 
though in general high-voltage cables prob- 
ably are not subjected to steep-fronted 
lightning waves, it might be of interest to 
publish the result. 

The cable sections tested were prepared 
similarly to the samples described in the 
paper with the exception that the leaded 
portion was only ten inches long as com- 
pared to ten feet in the paper. The total 


KILOVOLTS 


° 0.5 1.0 15 2.0 2.5 
MICROSECONDS 


The whole 
All failures 


length of a sample was 4!/, feet. 
section was immersed in oil. 
occurred in the leaded section. 

The cable had a conductor of 500,000 
circular mils, 0.281-inch paper insulation, 
oil treated, and a total outside diameter of 
1.6 inches. Tests were made with negative 
polarity. 

For determining the minimum break- 
down strength, tests were started at a volt- 
age of approximately 60 per cent of the ex- 
pected failure voltage. Voltage was raised 
in about 25-kv steps until failure occurred 
at 440 kv. Two impulses were applied at 
each step. 

The breakdown voltage thus obtained is 
probably somewhat too high for design 
purposes, because it does not take into ac- 
count the effect of successive strokes on the 
breakdown. In transformer insulation the 
damaging corona level is reduced to 80 
per cent of the single-shot corona level, when 
15 or more impulses are applied. Ina cable 
with its more uniform field and uniform 
insulation, the multishot breakdown prob- 
ably is not quite as much lower as in trans- 
former insulation but nevertheless their 
effect must be taken into account to arrive 
at the proper safety factors. 

The other three sections were tested by 
applying various amounts of overvoltage to 
the cable and recording the resulting fail- 
ure by means of a cathode-ray oscillograph. 
For the purposes of the investigation de- 
scribed, the few breakdown points obtained 
showed results which gave a sufficiently con- 
sistent curve as shown in figure 1 of this 
discussion. However, a greater number of 
points and different thicknesses of insulation 
would have to be investigated for design 
data. 

Of interest is a comparison of the over- 
voltage characteristics of various electrode 
shapes in comparison with the cable. This 
is shown on figure 2 of this discussion for a 
20-inch rod gap, a 10-centimeter sphere gap 
at 20 centimeters spacing and the cable. 

It is interesting to note that the cable in 
spite of the relatively uniform field has a 
much steeper characteristic than the sphere 
and even approaches the characteristic 
spark-over curve of the 20-inch gap at 0.5 
microsecond. The reason for this behavior 
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may be imperfections in the lead sheath pro- 
ducing point effects and corona on the posi- 
tive sheath. 


R. W. Atkinson (General Cable Corporation, 
Perth Amboy, N. J.): In regard to surge 
strength of paper in cable we have been for 
some time depending upon a number of 
tests made in 1931. It is gratifying to ob- 
serve the close agreement between these and 


Figure 1. Volt-time 
curve of breakdown 
on lead-sheathed 


cable 
Negative polarity, 
1.5x40 wave 


the more complete series reported by Foust 
and Scott. Besides our data in direct line 
with Scott’s we are reporting here some tests 
tending to answer some of the questions 
which have been asked. 

Our tests were made on cables with an 
insulation thickness of 190 mils, which is 
identical with the thickness on which a 
number of tests were made by Scott. The 
average value of 12 tests directly comparable 
with his was 348 kv, which is almost exactly 
the same as the value shown for a group of 
his tests on corresponding cable. 

The tests included in the above group were 
all made with surges of positive polarity. 
A few tests were with surges of negative 
polarity. These required slightly higher 
voltage to produce breakdown than re- 
quired for breakdown of similar cable tested 
with positive polarity. 

Half of the samples were made with paper 
of high density and half of lower density. 
The average strength of those with high- 
density paper was 18 per cent greater than 
for those of low density. It is noted that 
this is somewhat greater than found by Scott 
but reasonably comparable with his figures. 

Two longer lengths were subjected to 83 
and 115 repeated surges respectively. In 
the first surges, the applied surge voltage 
was about 60 per cent of the expected surge 
breakdown. Ten shots were applied after 
which the applied voltage was increased by 
about 6 per cent of the expected breakdown. 
A third set of ten shots at 6 per cent higher 
voltage was then applied, after which sitc- 
cessive sets of ten shots each were applied 
with voltage increments of 3 per cent until 
failure occurred. 

While the voltage of the ten successive 
shots at one setting was substantially the 
same, this repetition would not be exact. 
Thus the fact of failure at other than the 
first shot at one voltage may be due either 
to the cumulative effect of successive shots 
at substantially the final breakdown value 
or may be due to a slightly greater voltage 
at the surge producing failure than on the 
preceding surges at the same nominal volt- 
age. 

On one of the lengths, 35 of the shots were 
at a value within 10 per cent of the average 
surge breakdown of similar cable and the 
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breakdown occurred after the cable had 
stood two surges at the breakdown setting. 
On the other, 33 of the shots were above the 
average surge breakdown of similar cable 
and the surge breakdown occurred after 
four surges at the same setting without 
failure. 

Another portion of the same cable was 
tested similarly at 60 cycles but without the 
application of the surge voltage. The 
breakdown voltage on the “surged” and 
“unsurged” samples fell within the same 
range and thus there was no evidence from 
these tests that the 100 surges bad produced 
any reduction in strength of the insulation. 

The tests of this last named series appear 
reassuring with respect to the possibility of 
partial puncture by lightning being followed 
by subsequent failure at power frequency. 
Actually the result could have been fully 
anticipated from analysis of the relation 
between strength and length of time re- 
quired for failure. These tests do not 
throw light on the possibility of a puncture 
from lightning not followed at once by power 
failure, but producing damage that leads to 
subsequent failure. 

The appearance on dissection of surge 
failure not followed by power failure in 
paper cables, is of some interest. These 
were found to be tiny radial holes, the paper 
being ‘“‘burred,”’ as by being punctured by a 
minute fast projectile from the conductor, 
there being no apparent burning. 

With the increasing knowledge of the 
magnitude of surge voltages which can take 
place on a system, and of the amount of re- 
sistance of cables to such disturbances, the 
danger from this cause of failure has been 
diminished very greatly. 


L. I. Komives (nonmember; The Detroit 
Edison Company, Detroit, Mich.): First 
of all the authors of this paper are to be 
congratulated for the valuable data which 
they collected in a field largely unexplored. 
1. I am rather puzzled with the results 
presented in this paper because the voltage 
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Figure 2. Negative-voltage characteristics 


C—Cable, 0.281-inch oil-treated paper (440 
kv critical) 

R—Rod gap (410 ky critical) 

S—Sphere gap (450 ky critical) 

100 per cent equals critical breakdown voltage 
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gradient seems to have had no effect what- 
soever on the impulse strength of the cables 
tested by the authors. In our rather in- 
complete experiments we found that the 
voltage gradient has a very strong influence 
on the impulse strength. 

2. We have also found that uniformity 
of the taping has a very decided influence on 
the impulse strength. No mention what- 
soever was made in the paper in this respect. 

3. I feel that the results shown on small- 
size copper conductors (samples 1 to 7— 
table III) are due to a highly viscous oil 
used in these cables in contrast with the 
much lower viscosity oils of the rest of the 
samples. I would like to know whether the 
authors concur with this explanation. 

4. We feel that it is perhaps of more im- 
portance to cable users to know just what 
the impulse strength of a piece of cable is 
when tested with the maximum potential 
available. Although the general opinion is 
that potentials lower than those causing 
breakdown of the insulation have practi- 
cally no effect on the insulation because of the 
short time involved, we have reasons to be- 
lieve that every application weakens the 
insulation and therefore, testing cables with 
consecutively high potentials does not indi- 
cate the true impulse strength of the insula- 
tion. 

5. I would like to know what the ‘‘me- 
dium density” paper mentioned in table III 
of the paper is. 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
The following questions occurred to me in 
reading the paper: 


1. Would any materially different values of volts 
per mil have been obtained if actual rather than 
nominal insulation thicknesses had been used? 


2. Were any of the cables shielded with copper 
shielding tapes? Would the use of such tapes, by 
holding the paper tapes firmly together, increase 
the impulse strength? 


3. With unexplained variation of impulse strength 
from 1,300 to 1,900 volts per mil on one wall thick- 
ness, is it safe to base insulation walls on impulse 
strengths higher than 1,300 volts per mil? 


4. Figure 1 shows a resistor R:. Is there any 
reason for preferring this to a reactor? 


C. M. Foust and J. A. Scott: In J. H. 
Hagenguth’s discussion he has added three 
front-of-wave short-time breakdown values 
and a minimum breakdown value on 0.281- 
inch paper to our test data. The minimum 
breakdown value is a good check on our 
values for this thickness, being almost ex- 
actly on our average curve. The three 
short-time values permit an approximation 
of the volt-time curve from actual test data 
on cable samples down to 0.4 microsecond. 
The comparison of rod gap, cable, and 
sphere gap volt-time curves wherein the 
cable curve conforms more nearly to the 20- 
inch rod-gap curve than to the spheres sug- 
gests a long breakdown path, possibly in 
many parts parallel to and between paper 
layers. 

The authors appreciate the discussion con- 
tributed by Messrs. Bellaschi and Teague, 
pertaining to volt-time breakdown relations 
for short time periods. Other than that 
the point of breakdown on the wave shape 
was recorded by cathode-ray oscillograph, 
no effort was made in our work to gather 
data on volt-time relations. As pointed 
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out in the paper, all failures occurred at the 
crest or a short time after, indicating very 
little increase in voltage down to 1.5 micro- 
seconds for wave-crest failures. This, the 
authors presume, is the basis for the state- 
ment by Messrs. Bellaschi and Teague that 
the volt-time characteristic is essentially 
constant down to one or two microseconds, 
However, Mr. Hagenguth’s data which was 
taken on the wave front indicates a 20-per 
cent increase in voltage at 1.5 microseconds. 
This is likely due to the fact of the wave- 
front failures being higher than wave-crest 
values at the same time point. 

In commenting on L. G. Smith’s discus- 
sion, he is correct in presuming that the 
values are for new cable. We agree that 
similar data on cable having been in service 
for some time are desirable. It seems logical 
to expect that there should be no change in 
impulse strength with age for oil-filled cable, 
while solid-type cable might show a de- 
crease due to void formation. The point 
of variation of breakdown strength with 
conductor size has been twice referred to in 
the discussion with the inference that our 
tests showed no such variation. We did 
not wish to convey this impression. To de- 
termine such a relation accurately would re- 
quire a large number of tests with different 
sizes of conductors and a range of insulation 
thicknesses for each. Such a test program 
on high-voltage cable samples is quite 
formidable. We wish to say that because of 
the dispersion of our test points analysis of 
the data did not provide us with a suffi- 
ciently definite relation between conductor 
size and breakdown to warrant comment. 
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Mr. Atkinson has referred to a consider- 
able group of data taken by his company. 
He had very kindly made these results avail- 
able to us early in our investigation. To 
show the good agreement between these 
results as well as those reported by Held and 
Leichsenring (reference 2 of the paper), 
figure 3 of this discussion consolidates these 
together with some other data identified in 
the figure. It is here seen that all data from 
some six sources are in excellent agreement. 
An excellent idea of the spread of the values 
is given, ‘This spread is very reasonable for 
such breakdown values, 

Mr. Atkinson also refers to the lack of 
damage done by impulses of value somewhat 
below the breakdown value. This free- 
dom from so-called “impulse fatigue” is veri- 
fied in our own experience. For example, in 
our tests on the samples having 0.187-inch 
paper, two additional samples were sub- 
jected, one to 100 impulses at 325 kv, the 
other to 500 impulses at 300 kv; following 
this single impulses at 25-kv increments 
were applied. Both cables failed at 375 kv 
which compares with the highest results ob- 
tained on samples 1 to 7 reported in the 
paper. However, an open mind should be 
kept on this subject, as indeed on all aspects 
of this relatively young subject, for we have 
seen unpublished data from abroad where on 
relatively thin samples several thousand 
successive shots did produce a decrease in 
the breakdown value. 

In reply to Mr. Komives in the order of 
his questions: 


1. We would agree that voltage gradient is prob- 
ably the controlling factor in the breakdown 
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Impulse Strength of Cable Insulation 


-E. W. DAVIS 


FELLOW AIEE 


NSULATED CABLES often are ex- 

posed to lightning and often have 
been damaged by lightning, especially 
rubber- or cambric-insulated cables of 
medium or lower voltage. It is also 
true that some service trouble has been im- 
properly attributed to lightning. Knowl- 
edge of the impulse strength of cable 
insulation is necessary to analyze such 
cases correctly and to minimize lightning 
trouble by proper cable design. In spite 
of the practical need for such information 
there seems to be a conspicuous lack of it 
in the literature. 

From time to time for several years we 
have been making impulse tests on cable 
insulation, either as we needed the data 
or as we got the opportunity. Asa result 
we have accumulated a general assort- 
ment of data without conducting a com- 
plete or continuous investigation. We 
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W. D. Fenn, and Oscar Hess in calculating and test- 
ing. 


W. N. EDDY 


FELLOW AIEE 


have found these data worth while and 
hope eventually to make the data com- 
plete enough to merit a more detailed 
analysis than seems justifiable at present. 
In the meantime we are reporting the re- 
sults to date with the hope that the en- 


REGULATOR 


Figure 1. Connec- 


tions 


suing discussion will uncover results of 
other tests that have been made but not 
reported. 


Impulse Generators 


Each testing impulse consists of a 
nonoscillatory increase and decrease of 


strength. It is, however, only one of a number of 
variables and we chose the more practical minded 
way of plotting breakdown against insulation thick- 
ness. Conductor sizes are given so that approxi- 
mate maximum gradients may be calculated if de- 
sired. 


2. We felt that the uniformity of taping was excel- 
lent and found no indication from the examination 
of the failures to indicate taping to be at fault. 


3. We see nothing in our results to lead us to 
attribute different performance to the two different 
viscosities of oil used. As a first approximation 
we would assume them to be identical. Samples 1 
to 7 of table III have thinner insulation than the 
remainder and consequently benefit somewhat by 
any curvature that may exist in the breakdown 
voltage-thickness curve. 


4, The alternative method of testing referred to by 
Mr. Komives is highly interesting. We proceeded 
the way we did because we were on untried ground 
and we preferred to feel our way along as it were. 
Our results we feel are more indicative of the lowest 
breakdowns that might be obtained and conse- 
quently more useful in estimating safely sustained 
voltage values. However, the procedure suggested 
has its merits and will, we hope, be used. We have 
already referred to ‘‘impulse fatigue” in connection 
with Mr. Atkinson’s discussion, 


5. The medium-density paper was a special paper 
having a density of 0.85 or lower. 
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Mr. Halperin emphasizes nicely a number 
of points and gives some valuable sugges- 
tions for further work. 

Answering Mr. Del Mar in the order of his 
questions: 


1. The difference between actual insulation thick- 
ness and nominal thickness was small compared 
with the variation in breakdown-voltage resi!ts. 


2. No shielding tapes were used. Since all tests 
were made on single-conductor cables, which were 
newly manufactured and whose sheaths had not 
been expanded by heating and cooling cycles, our 
results should be the same as if shielding tapes were 
used. 


3. Mr. Del Mar’s third question covers a lot of 
ground. To answer it briefly our consolidated data 
between 0.315-inch thickness and 0.600-inch thick- 
ness regardless of the particular construction of the 
cables (paper, etc.), indicates the probability that 
five per cent of such a group of cables would fail at 
1,300 volts per mil or less. (Average breakdown, 
26 tests=1,615 volts per mil; ¢=191 volts per mil 
or 11.8 per cent of average.) Such variation is 
typical of breakdown data. 


4. Other circuits, of course, than that shown in 
figure 1 may be used. We preferred a resistor, Ri, 
to a reactor because of the lesser liability to oscilla- 
tions which frequently occur when lumped reactors 
and capacitors are used. 


Davis, Eddy—Impulse Strength 


voltage at a definite rate. Two different 
impulses have been used for these tests, 
a 1x10 wave and a 1.5x40 wave. The 
first figure in each designation is the time 
in microseconds from the beginning of the 
impulse to the crest of the impulse. The 
second figure is the time in microseconds 
from the beginning to the point on the 
impulse tail at which the voltage has 
fallen to one-half the crest or maximum 
value. 

The impulses are generated by dis- 
charging a capacitance through a re- 


ond ~s 


GENERATOR NO.1 


sistance. The resulting voltage drop 
across the resistance is the impulse. The 
shape of the impulse is controlled by the 
values of the constants in the discharge 
circuit; the impulse front by inductance 
in series or capacitance in parallel with 
the resistance and the impulse tail by the 
resistance itself. The assembly neces- 
sary to produce these impulses consti- 
tutes the impulse generator. 


Figure 1 shows the connections of the 
two generators that were used for the 
tests. In both, the necessary high dis- 
charge voltage is attained by the familiar 
Marx circuit which has been fully de- 
scribed in the literature. The differences 
between the two generators are evident 
from the connections in figure 1 and the 
ratings and circuit constants in table I. 


Generator 1 was made several years 
ago, using available glass plates for the 
main capacitance. The constants in the 
discharge circuit were adjusted for a 1x10- 
microsecond wave because this was the 
intermediate of the three waves then in 
common use for testing lightning arrest- 
ers. 

Generator 2 was built more recently, 
in order to enlarge the range of sample 
length and size that could be tested. 
The discharge circuit was adjusted to 
a 1.5x40-microsecond wave because this 
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shape had become generally accepted as 
the standard test wave. The ballast 
capacitance in parallel with the sample 
__ has two functions; to help control the 
_ wave shape and to decrease the effect of 
changing sample capacitance on the wave 
shape. 

Our principal purpose in making these 
tests was to compare different sizes and 
types of cable on an impulse reasonably 
representative of lightning, without at- 
tempting to get co-ordination with other 
impulse data in the literature. There- 
fore, we have been more interested in 
keeping our wave shape constant or fixed 
than in making sure it was exactly 1x10 
or 1.5x40. For this reason we have not 
yet considered it necessary to acquire a 
cathode-ray oscillograph and our wave 
shapes therefore have not been confirmed 
by oscillograph. The test results in 
table II indicate that the value of our 
results is not seriously reduced by this 
omission. 

Each test is made by increasing the 
charging voltage in seven-kv steps usu- 
ally beginning at 50 per cent of the 
estimated breakdown voltage. Each 
voltage is held constant while two suc- 
cessive impulses are applied to the sample 
by lowering a third sphere into the first- 


Table I. Ratings of Impulse Generators 
Genera- Genera- 
tor 1 tor 2 
Maximum discharge voltage at 
terminals OF (CLAY) ns sane e 5 300.. 600 
Maximum voltage on specimen 
ee cee avec b+ Wa ase oo kia 260.. 550 
Main capacitance Ci 
pte DEF Gr KU oc Sc note om «line 0.04 .. 0.5 
Cut at full voltage), -.0.05 4+. 0.0067.. 0.042 
Ballast capacitance Cy (uf)...... None.. 0.0048 
Discharge resistance Ri (ohms).. None. 115 
R:(ohms).. 2,300. 1,100 
Calculated wave shape......... x10... 1.5240 


stage gap. Failure of the sample is indi- 
cated by explosion of the one-eighth- 
ampere fuse wire in series with the 
sample. The test voltage is indicated by 
a voltmeter coil in the charging trans- 
- former calibrated in terms of a sphere 
gap in parallel with the test sample. 
Both ends of the sample are connected 
together. Various arrangements of the 
sample were tried without finding any 
effect on the impulse strength. 

Figure 2 shows the general arrangement 
of generator 2. At the left is the portable 
control table connected to the generator 
through two multiconductor portable 
cables. The voltage regulator controls 
the input to the transformer in the 
corner which through the tube rectifiers 
charges the capacitors on the wooden 
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Table Il. Effect of Wave Shape on Impulse Strength (Volts Per Mil) 


Generator 1—1xl0 Wave 


Average 
Cambritimnc sc nata site dxince ee WpOSO. cae cs 1,120 
FSU DOR ise targic ete ycicca cc sie ee DOSU is cats 1,300 


Maximum Minimum Average 


Generator 2—1.5x40 Wave 


Maximum Minimum 


eeunnee 1,000.......1,000.......1,150.........1,050 
Bonar eit) 900..,....1,070...,...1,240 


Table Ill. Effect of Impulse Polarity on Impulse Strength of Rubber-Insulated Wire 
————— 


Ratio 
Impulse Strength in Volts Per Mil Positive/ 
Insulation Impulse N 
merece egative 
e e Wall Polarity Average Maximum Minimum (Average) 
Noi 6 eslidince.c, Wines eek ROSIE Ye seni LOSS cn aivale TBO si spores 900 
yecinns { Negative....... TOO8 ante Teer 1,200 | ah Mo 
No. 6 solid...... eine Positive ....... TO, cose lest onset 1,250 
/eine { Negative....... 1,200..%0,4% ee a ae 1,150 } oe uae 
Nous epi: ee hi aLinch | eee ie POSitiVe ny ace 2S rate wes WONG ors bite 780 
ae { Negative....... GOnN haat A OO 850 } Be oe 


rack. The stage resistors consist of 
water in the garden hose visible along 
the upper edge of the rack. The third 
or trigger sphere is visible just above the 
first stage gap. A sample of plain 
rubber wire is shown ready for test in 
water. The series fuse wire is on the 
framework above the water drum. 
The motor on the floor is circulating a 
sodium carbonate solution through the 
vertical hose for R; and R2. The capaci- 
tor bank at the right is the ballast ca- 
pacitance or C». 


Effect of Wave Shape on 
Impulse Strength 


These tests were made on five-foot 
adjacent samples taken from two lengths 
of single-conductor cable, number 6 
solid, ®/g4-inch wall of insulation, lead 
sheath, one length insulated with rubber 
and one with varnished cambric. In 
table II are the results in volts per mil 
wall, the average, maximum, and mini- 
mum of five tests. Samples from both 
lengths were tested with each of two 


Figure 2. Gener- 


ator 2 
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different impulse wave shapes, 1x10 and 
1.5x40. 

The results show no definite difference 
in strength between the two wave shapes 
in spite of the considerable difference 
in shape. One wave is 50 per cent slower 
than the other on the front and four 
times longer than the other on the tail. 
This lack of a real difference in strength 
between the two waves is good evidence 
that a reasonable deviation in our wave 
shape from the calculated should have 
no appreciable influence on the test 
results, and therefore that the lack of an 
oscillograph should not seriously limit 
the value of the test results. 

This lack of difference also indicates 
that any conclusion based on either 
shape should hold for the other shape 
and for a fairly large range of impulses 
occurring in actual service. 


Effect of Impulse Polarity 
on Impulse Strength 


Table III shows the effect of impulse 
polarity on the impulse strength of three 
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Table IV. Effect of Electrode Surface on 
Impulse Strength (Volts Per Mil) 


Maxi- Mini- 

Average mum mum 

Lead sheath )......m).0 + ses WMD coou 1,490.....1,300 
Rubber surface in 0.1 

per cent salt water....1,390..... 1,440..... 1,300 
Lead foil wrapped 
around rubber insu- 

lations esse osc 14d Oe 1-480 keris 1,340 


different sizes of rubber-insulated wire. 
The tests were made on five-foot samples 
with generator 1 and the 1x10 wave. 

On the average no real difference in 
strength is indicated between the two 
polarities. Unless specified otherwise all 
other tests reported in this paper were 
made with the negative polarity. 


Impulse Strength of Rubber- 
Insulated Wire—Effect of 
Electrode Surface 


Table IV gives the results of tests 
made on five-foot samples of number 6 
solid, °/g4-inch wall of rubber, using three 
different kinds of outer electrode surface. 
All tests were made on generator 2 with 
the 1.5x40 wave. The results are in 
volts per mil wall, average, maximum, and 
minimum of at least five tests. 

These results show that any one of 
these types of outer electrode can be used 
indiscriminately. In most cases the salt 
water is most convenient for testing 
rubber-insulated wire. 


Impulse Strength of Rubber- 
Insulated Wire—Effect of 
Specimen Length 


All samples used for these tests were 
taken from the same length of wire, 
single conductor number 6 solid, °/g4-inch 
wall of 60 per cent high-voltage rubber 
compound, tape, and lead sheath. Gen- 
erator 2 was used with the 1.5x40 wave. 
Table V gives the test results in volts 
per mil of wall. 

The results in table V indicate no 
effect of sample length on the impulse 
strength of the wire, while the 60-cycle 
strength of the same wire decreases with 
increasing sample length at about the 
usual rate. We have seen this unex- 
pected tendency of the impulse strength in 
other of our test results but plan to 
investigate it further before accepting 
it as conclusive. There has been no 
tendency for the faults in the longer 
samples to be located near the sample 
ends. Different arrangements of the 
longer samples have been tried without 
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finding any consistent effect. Without 
a cathode-ray oscillograph we have been 
unable to determine the effect of the 
sample capacitance on the wave shape, 
but in view of the results in table II we 
doubt that this effect is sufficient to 
affect the impulse strength. 

The ratios ofimpulse to 60-cyclestrength 
in table V are seen to be considerably 
lower than those in table VII because 
the rather high 60-cycle strength of the 
table V wire is not accompanied by ab- 
normally high impulse strength. That 
is, the impulse strength does not seem 
to have any fixed relation with the 60- 
cycle strength. On five-foot samples 
the ratio may vary from two to four. 


Impulse Strength of Rubber- 
Insulated Wire—Effect of 
Insulation Thickness 


These tests were made on five-foot 
samples of rubber-insulated wire in salt 
water, using generator 1 with the 1x10 
wave. Five samples were tested at 
each of seven different wall thicknesses 


tion on a number 6 conductor. 

In table VI these average results of 
unit impulse strength decrease with in- 
creasing wall thickness. The same tend- 
ency has been shown by the a-c strength 
of many insulations. 


Impulse Strength of Rubber- 
Insulated Wire—Effect of 
Compound Type 


It is well known that there are many 
different types of rubber cable insulation 
and that they may differ considerably in 
their properties. Each type is designed — 
and used for a particular kind of service. 
The results of table VII are given to show 
the effect of the rubber compound type 
on the impulse strength and the ratio 
between that strength and the 60-cycle 
dielectric strength. 

All samples were five-foot active, num- 
ber 6 or number 8 with °/g-inch or 
6/g4-inch wall, tested in salt water on 
generator 2 with the 1.5x40 wave. The 
results are in volts per mil wall. 

The results in table VII indicate at 


Table V. Impulse Strength of Rubber-Insulated Wire—Effect of Specimen Length 
Specimen Impulse Strength 60-Cycle Strength Ratio, 
Length WeCapneliance (Volts Per Mil) (Volts Per Mil)* Paget 
(Feet) (uf) Average Maximum Minimum Average Maximum Minimum (Average) 
AL ey ostsam aut OF OO00G ventacrs IO50seecates 1 SSO raaren ov DOU Sire ore sc Ue raanes 690.4525 BLO seh oes 1.8 
Dienst eae: O° O00L2 a ake 1,120 L.2GQ teases 960) cess BSD. vas 5 590). totes 500 can aa 2.0 
Oiisene awe « 020008) eee 1,117 M5240 Fou. S20 ee het 496 AI =: $5032. 420 6s. oe 2.2 
Ose: OO00G Rees 1,231 1 SSQo aan O20 wrens BIO Se ON sia endcs ASO Sas 2.6 
20 0.0012 Fees 1,130 L340 Series S20 creer 440. 0.2 2 ct) ee SOO Sa te 2.7 
AO errr ste O'. OO 24s Fkccstars D8 ae Lj SSQin. tree 2 bd es oa ANB ie aces OO catches 380 p See f 


* All 60-cycle strengths given in this or other tables are effective and not peak. 


between °/¢4 and ?2/,4 inches, on a number 
6 conductor or thereabouts. All in- 
sulating walls were 60 per cent rubber 
but of slightly different types. For this 
reason the actual results gave a rather 
irregular plot versus wall thickness. The 
results given in table VI represent a 
smooth curve averaging the actual re- 
sults. Therefore, although the reported 
results are subject to some variation, 
they represent the trend ‘or general 
effect of thickness on the impulse 
strength of 60 per cent rubber insula- 


Table VI. Effect of Wall Thickness on Im- 
pulse Strength of Rubber-Insulated Wire 


Insulation Wall 


Impulse Strength 
in 64ths Inch 


in Volts Per Mil 


5 . 1,400 
10 spotetoss.revenal sais snctenereratentnr 1,150 
LOR crosses ae 970 
20 heen eee 800 
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least general correlation between the im- 
pulse and 60-cycle strengths. Because 
of variables in each type of compound 
that are outside of the present discussion, 
the impulse and 60-cycle strengths of 
each type are subject to some variation 
from the values given. But the results 
in table VII serve to give the general 
magnitude and to indicate that the im- 
pulse strength of rubber compounds may - 
be as high as 1,600 volts per mil and as 
low as 700 volts per mil for these insula- 
tion walls. In general the impulse 
strength is seen to be about three times 
the 60-cycle strength. 


Impulse Strength of Rubber- 
Insulated Tree Wire 


These tests were made on generator 2 
with the 1.5x40 wave, using five-foot 
samples of number 6 solid, °/-inch wall 
of rubber, braid, with and without fiber 
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_ tape under the braid, dry and after 
soaking in water for 20 hours. 


The dry 
tests were made with lead foil wrapped 
over the wire and those after soaking were 
made in water. Each result given in 
table VIII is the average of at least five 
tests on adjacent samples. The 60-cycle 
tests were made by increasing the volt- 
age three kv per 15 seconds. 

The impulse strength of this type of 
wire is particularly important because 
the wire is directly exposed to lightning 
and the insulation wall is seldom more 
than */s, inch. In table VIII the impulse 
strength is seen to be generally typical 
for that rubber wall. The differences 
between the two types of wire are not 
enough to indicate that the fiber tape is of 
any real value as insulation, especially 
when the wire is wet. 


Relative Impulse Strength of 
Rubber, Cambric, and Paper- 
Insulated Cable 


All tests were made on the same size 
cable, number 6, °/g-inch wall insulation, 
lead sheath. The rubber was a typical 
60 per cent, the black varnished cambric 
was typical of the best available four 
years ago, and the paper was kraft of 
about 300 seconds Gurley air resistance 
saturated with a typical oil used for the 


60-Cycle Strength 


Ratio 
(Volts Per Mil) (Volts Per Mil) Impulse 
, : —_—_——————————_ to 60 Cycle 
Insulation Average Maximum Minimum Average Maximum Minimum i vavace) 
Anhydrex RUBHEE cranes § Rs Se TP BQO ss vie ai BOO sanate BOO. cae S00 soe BLO Looe: 
Cambio... ec, poe yee DOO so. PS LOO Macs LT O00 Warne wOUU Min enBOU, cro, 2605, ens 3.5 
PANOM. tein Cas cas eek L S20 ysis Bi O00? 0% ui Lite Oluten avai. Seis DT OE Mirewy Dean tar aans 3.6 


Table X. Impulse Strength of Sheets—Rubber Versus Cambric Versus Paper 
SS ae ea a ae a Albee A ala a re Sh SAR ee 


Impulse Strength 60-Cycle Strength Ratio, 
(Volts Per Mil) (Volts Per Mil) Impuise 
et ements, £0) 00 'CVCLE 
Insulation Average Maximum Minimum Average Maximum Minimum (Average) 
Paper—two layers........ 3 a 4,400...... SiOOU ater: T6007)... OOO arate LABOR neo 2.4 
Cambric—two layers...... 8,680...... M0002 eta Bye00,.crttare S 1,400*,.... T5690 rs P2200 y cues ooo 
Rubber—one layer........ L.OGRes i... 2 O00 wie L200 cae COOF nas G60) vs: BOO Trt cra 200 


* One layer. 


bric but it is interesting to note that here 
again as in table VII there is good corre- 
lation between impulse and 60-cycle 
strength. The insulations of hip 60- 
cycle strength show correspondingly high 
imptlse strength. 

Although the impulse strength of the 
rubber in table LX is 40 per cent less than 
that of the paper, one of the rubber com- 
pounds in table VII is only 17 per cent 
less than the paper in table IX. Since 
the 60-cycle strength of the best rubber 


Table VII. Impulse Strength of Different Rubber Compounds 
Impulse Strength 60-Cycle Strength Ratio, 
(Volts Per Mil) (Volts Per Mil) Impulse 
to 60 Cycle 
Compound Average Maximum Minimum Average Maximum Minimum (Average) 
Od Oca s Oiivin ch esse ie See Bs. M02!) Bete yis ose BAD 5 sHs0% BLD mute. BQ Bove aL aie suse aiale LEO 
PACs Sa oe tala Ue a3 xi cw oe ie 6), SiGensres SOO SSeS tis OU a eke BOD ings ys 260. WOOT seh perirele 3.4 
Ceone resistant... .. 2.66 6s ss pM ee ge (Bo. a O20 Zeneca’ BDO: eemio:s 400.. 290.. waissO 
Perini. Ace es ks cyswt ces Fas ewer RAGS ee we TOO Fee eI Os sae es 280 oss ae PAE ME Hr EP 2.7 
BAVA eR tern eeecld aie Pon steicyn tele aes J ae OPO is ate 0 « GN ios ete Bea SDD eis sake ts BOW act abiore eet 5 
GOrper cent: Sy Gyis cis nes +000 ee oe ee en) TAO pce cette on tae a < BN. a aie 300 3.0 
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solid type of paper cable. Generator | 
was used with the 1x10 wave. The re- 
sults in volts per mil wall are given in 
table IX. 

The impulse strength of the paper is 
nearly double that of the rubber and cam- 
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compound in table VII does not represent 
the highest obtainable with rubber, this 
suggests that it might be possible to make 
rubber compounds that are equal to paper 
in impulse strength. Because of the 
compounding variables the dielectric 
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strength of rubber is subject to control 
over a much wider range than that of 
either cambric or paper. 


Impulse Strength of Rubber, 
Cambric, and Paper Sheets 


All tests were made between two-inch- 
diameter brass electrodes with rounded 
edges, using generator 1 with the 1x10 
wave. The paper was kraft of about 
2,000 seconds Gurley air resistance, in 
layers of 0.005 inch, saturated in paper- 
cable oil. The varnished cambric was in 
0.012-inch layers of the same type as 
that in table IX. The rubber was 60 per 
cent in 0.050-inch layers. The test 
results in volts per mil are given in table 
Xe 

As would be expected these results 
are seen to be considerably higher than 
those on the insulations in cable form. 
The strength of the sheet rubber is some 
50 per cent higher than that of the thinner 
rubber cables tested. Similar to the 
cable insulation the paper sheet strength 
is about double that of the rubber sheet, 
but unlike the cable insulation the sheet 
cambric strength is nearly as high as the 
paper sheet. On sheets the ratio of the 
impulse strength to the 60-cycle strength 
is seen to be about 2.6. 


Properties of Impulse Faults in 
Rubber and Cambric Insulation 


The above results indicate that in most 
cases the impulse strength of rubber is in 
general as high as that of cambric. 
This does not agree with our general 
experience that rubber is somewhat 
more subject to lightning damage in 
service than is cambric. For this reason 
we made a few comparisons of the proper- 
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Table XI. Properties of Impulse Faults in 
Rubber and Cambric Insulation 
7 an eee ee 


Rubber Cambric 
Sample Sample 


Sample 1 
15 kv d-c for 15 min.......... Os, 5 40NS 
165-kv impulse......... ac cree Failure. . Failure 
3 kv a-c for 1!/2 hours.......OK Oks 
D-c dielectric strength* (kv)...6.2 colle! 
A-e dielectric strength (kv)....3.8 ee 
Sample 2 
165-kv impulse. oc. - e+ oe Failure. . Failure 
A-c dielectric strength (kv)....4.3 9.8 
Sample 3 
A-c dielectric strength (kv)...45 son 
(480 (290 
volts volts 
per per 


mil) mil) 


* One-fifth-ampere fuse. 


Table XII. Low-Energy Impulse Faults in 


Rubber 


— = 


Sample 1 

Impulse failure at 70 kv. No flash but glass broken 

No location with magnifying glass 

OK on 1,000-volt Megger 

Fault picked up at 4 kv d-c by 0.6-milliampere 
kenotron 

Fault less than 0.5 millimeter in diameter 


Sample 2 

Impulse failure at 60 kv 

Fault located to within two inches by aid of flash 

No location with magnifying glass 

Fault picked up at 3.4 kv d-c by 0.6-milliampere 
kenotron 

Fault less than 0.1 millimeter in diameter 


ties of these faults in the two types of 
insulation. 

The tests reported in table XI were 
made on two-foot samples of number 6 
solid, °/s4-inch wall of insulation lead 
sheath. The impulse tests were made 
on generator 1 with the 1x10 wave. 

As shown in table XI both number 1 
samples withstood 15 kv direct current 
for 15 minutes without failure but failed 
when subjected to a 165-kv impulse. 
After this both samples withstood 3 kv 
alternating current for 1.5 hours without 
failure, when they were removed from 
test. Since this voltage is more than 
double the operating voltage of each 
cable it shows that both faults would 
have remained in service for a consider- 
able period after the impulse failure. 
Finally each fault was broken down with 
direct current. Although this test was 
made with a one-fifth-ampere fuse in 
series with the sample each fault was 
burned out to some extent. In spite of 
this burning each fault showed an a-c 
strength more than twice the operating 
voltage. It is interesting to note that 
the cambric fault gave considerably 
higher dielectric strength on both the 
d-c and a-c breakdown tests. That is, 
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both faults would have withstood the 
operating voltage for some time after 
the impulse failure, possibly indefinitely, 
but the cambric fault was less likely to 
cause a service failure than the rubber 
fault. The tests on the number 2 samples 
confirm this comparison. 

This indicates that an impulse fault in 
cambric is less likely to cause a service 
failure than one in rubber but that in 
either insulation the impulse failure may 
not cause a service failure for days, 
months, or even years after the impulse 
failure. In confirmation of this we have 
found lightning faults in rubber-insulated 
cable that was taken from service after 
a perfect operating record. The presence 
of water undoubtedly would increase 
the probability of an impulse fault failing 
in service; that is, the cable may fail 
during the first rainstorm after the 
lightning, or it may never fail. 

Incidentally, these tests bring out one 
advantage of high-voltage d-c testing. 
It is a most effective means of develop- 
ing any lightning faults that may be in 
the cable. 

Table XII gives additional data to indi- 
cate the small size of a low-energy im- 
pulse fault. Each sample was one foot 
of number 1 4,3/¢s-inch wall of rubber, 
tested under water in a glass jar, using 
generator 1 and the 1x10 wave. 

The results show that the size of such 
a fault may be extremely small, too 
small to be visible on the outside surface 
of the rubber. Even after being burned 
out by the kenotron the faults were very 
difficult to locate visually. 


Conclusions 


Within the limits of the tests made, 
the following conclusions appear justi- 
fiable: 


1. The impuse strength of cable insulation 
is not critically affected by the shape or po- 
larity of the impulse, the type of outer 
electrode, or the length of the specimen. 


2. In walls of °/s, inch or thereabouts the 
impulse strength of rubber-insulated cable 
may be from 700 to 1,600 volts per mil de- 
pending on the type of rubber compound. 
The strength decreases with increasing 
wall. 


3. The impulse strengths of varnished- 
cambric and oil-paper insulated cables are 
about 1,000 and 2,000 volts per mil re- 
spectively. 


4, The impulse strength of cambric and oil 
paper insulated cable is between three and 
four times the 60-cycle strength but that 
of rubber-insulated cable may be anything 
from two to four times the 60-cycle strength. 


5. In sheets between two-inch disks the 
impulse strength of rubber is some 50 per 
cent higher than that of rubber cable in- 
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sulation of the same wall. Similar to cable 
insulation the sheet paper is about double 
the sheet rubber but unlike cable insulation 
the sheet cambric is nearly as high as the 
paper. 

6. The fiber tape and braid in rubber- 
insulated tree wire do not add appreciably 
to the dielectric strength impulse or 60 
cycles of the wire, particularly when wet. 


7. An impulse fault in cambric insulation 
has higher a-c strength than one in rubber 
insulation but the a-c strength of either 
fault may be sufficient to withstand the 
operating voltage for long periods of time. 
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Discussion 


R. B. McKinley (nonmember; General 
Electric Company, Schenectady, N. Y.): 
We have also made some impulse tests on 
rubber insulation. Most of these were on 
30 per cent and ozone-resisting compounds. 

Our test results were in agreement with 
those presented by Messrs. Davis and Eddy 
in the fact that the impulse strength in volts 
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per mil decrease rather rapidly with increas- 
ing wall thickness. Some of the answer 
for this might be due to the mechanics of 
manufacture in that it is more difficult to 
hold the heavy insulation walls perfectly 
centered during the vulcanization period, 
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0.5 


although this was checked carefully and 
the fact that there might be greater differ- 
ence in the degree of “cure” throughout 
the insulation wall. That the degree of 
vulcanization does have some effect is indi- 
cated by a few tests we have made. 

Our values, together with some of those 
reported in the Davis and Eddy paper, 
have been plotted, and I believe the chart is 
worthy of a little study, as it might offer 
an additional reason why general experience 
indicates that rubber is more subject to 
lightning damage than varnished cambric. 
Furthermore, it might also indicate the 
advisability of further study before adopt- 
ing rubber insulation for voltages in the 
range from 22 to 35 kv in places exposed to 
severe surges. 

The upper curve of figure 1 of this dis- 
cussion was drawn from values given in 
table VI of the Davis and Eddy paper. The 
lower solid curve shows our results obtained 
on 30 per cent insulation. It is interesting 
to note how closely the two curves parallel 
each other throughout the range of thick- 
nesses tested. The points marked by 
crosses were taken from table VII for 
30 per cent class 4O rubber and indicate how 
closely the tests agree. 

The points indicated by circles or squares 
are those for the ozone-resisting or oil-base 
compounds, including insulations of various 
manufacturers. I have drawn the dotted 
curve in parallel to the other two curves 
and extrapolated to one-half-inch insulation 
thickness merely to investigate what the 
possibilities might be at the higher voltages. 
The true curve for ozone-resisting insula- 
tions might of course be much different 
from the dotted curves shown, although the 
small amount of information that we do 
have does indicate that these insulations 
also have lowered impulse strength with 
increased thickness. 

I have calculated the breakdown volt- 
ages for 26-kv cable with varnished cam- 
bric, paper, and oil-base insulations. The 
thicknesses of insulation for 26-kv grounded 
neutral for the three insulations would be 
0.422 inch, 0.297 inch, and 0.469 inch, re- 
spectively. Using 1,040 volts per mil for 
the varnished-cambric insulation in ac- 
cordance with the Davis and Eddy results, 
1,600 volts per mil in accordance with the 
Foust and Scott paper, and 500 volts for 
the oil-base insulation as indicated by the 
extrapolated curve, the following values 
would be obtained: 


Varnished cambric.......... 439 kv 
Paper.ccssse AAR OC DATA 475 kv 
Ozone-resisting....s.s2se00. 235 kv 


I do not want to leave the impression 
that I am saying rubber insulation will not 
operate at 26kv. There are cases in service 
to disprove that, but I do believe the re- 
sults given in this paper show us something 
that bears looking into further before we ex- 
tend the use of high-voltage rubber too 


rapidly. 


C. M. Foust (General Electric Company, 
Schenectady, N. Y.): The work reported 
by Messrs. Davis and Eddy is interesting 
and valuable. On several occasions I have 
conducted similar tests on impulse break- 
down strength of rubber insulation and 
have reached conclusions in agreement with 
the authors on most points. My general 
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level of voltages and gradients for various 
wall thicknesses agrees with the figures given 
in the several tables of the paper and break- 
down gradients decreased with increasing 
thicknesses as shown in table VI. 

I am puzzled by the results shown in 
table V on the effect of specimen length. 
In view of the variation in breakdown be- 
tween samples at any one specimen length, 
it seems reasonable that the impulse 
strength for the longer specimens should 
decrease as the 60-cycle values do. It is 
a little disconcerting to have the impulse 
60-cycle breakdown ratio vary with speci- 
men length. I am wondering if in some of 
the tests described an appreciable portion 
of the output voltage of the generator 
might not have been across the ground- 
electrode water resistance, particularly for 
the longer test pieces of high capacitance. 
At a breakdown voltage of 90 kv reached 
uniformly in one microsecond across a 
capacitance of 0.0024 microfarad, the 
current through the water would be about 
200 amperes. At anything less than, say, 
ten ohms, this would be inconsequential. 
However, at higher resistances an appreci- 
able resistance voltage would be obtained, 
resulting in reduced voltage across the in- 
sulation particularly for breakdown values 
occurring before crest. 

Our tests using the cathode-ray oscillo- 
graph with the viewing and recording each 
applied wave showed breakdown to be 
occurring before or on the wave crest. In 
many cases final breakdown indicated by 
the chopping of the wave, occurred sub- 
stantially below the previously applied 
crest-voltage level and on the rising front. 
When these actual chopped wave values are 
taken a breakdown-voltage value some ten 
per cent below the full-wave value is ob- 
tained. 

In my test only one voltage wave was 
applied at each level while the authors 
applied two. Indications of occasional 
damage without breakdown suggest that 
some five applications at each level would 
provide a more representative breakdown 
value. 

The authors have described tests wherein 
successive applications of direct, impulse, 
and direct voltage were applied with the 
conclusions derived therefrom that a cable 
having an impulse breakdown may remain 
in service for some time. However, in 
service the normal excitation would usually 
be on at the time of impulse failure and 
immediate follow-up of short-circuit current 
would certainly result in many cases. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): Information on 
the surge breakdown strength of insulated 
power cables has been rather meager, and 
so the data on a variety of insulations from 
Davis and Eddy and on impregnated-paper 
insulation from Foust and Scott are quite 
welcome. In general, data on _ surge 
strengths of various insulations have been 
appearing in relatively good quantity in 
recent years in this country and abroad, 
particularly at the Paris meetings of the 
International High-Tension Conference. 
Troubles in cables due to lightning have 
been pretty much confined to the lower- 
voltage cables connected to overhead 
systems. Dielectric strength to withstand 
surges, either due to switching or due to 
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lightning, may, however, be the limiting 
factor in determining minimum safe in- 
sulation thicknesses for the higher types of 
insulation in extra-high-voltage cable. 
Surge strength to withstand switching 
surges was a factor, for example, when in 
Chicago we adopted, in 1985, oil-filled 
insulation of 315 mils thickness for the 
100,000-kva 66-kv lines, whereas with the 
solid-type 66-kv cable with about 688 mils 
of insulation the surge strength was greatly 
in excess of requirements. 

The industry would, I believe, be in- 
terested in data obtained by others similar 
to the data on a number of variables ob- 
tained by Davis and Eddy, since such data 
are comparatively rare. 

The rest of this discussion applies to im- 
pregnated-paper insulation for particularly 
power cables. 

The average surge strength of 1,600 
volts per mil found by Foust and Scott 
agrees reasonably well with the results of 
Held and Leichsenring! who reported 1,770 
to 2,400 volts per mil average surge break- 
down stress and with the average value of 
1,920 volts per mil given in the paper by 
Davis and Eddy presented at this con- 
vention. 

Some discrepancies between the results of 
various investigators probably are due to 
the effects of different variables which have 
not been well established as yet. It 
appears, for example, that higher break- 
down values are obtained with small labora- 
tory samples than with complete cables. 
It is gratifying, therefore, that the tests 
reported in the Foust-Scott paper were all 
made on complete cables. Ina 1933 AIEE 
paper, Mr. Scott reported the results of 
surge tests on 15 mils of impregnated-paper 
insulation between flat electrodes. The 
surge strength for these samples was about 
3,400 volts per mil. J. Borel? reported last 
year results of surge tests on small labora- 
tory samples with concentric electrodes and 
insulation thicknesses of 40 to 160 mils. 
He obtained surge breakdowns at a maxi- 
mum stress of about 2,900 volts per mil and 
an average stress of about 2,500 volts per 
mil. Also the results of Davis and Eddy 
confirm the conclusion that much higher 
surge strength values are obtained for 
small laboratory samples than for complete 
cables. They report for the former an 
average impulse strength of 3,890 volts per 
mil as compared with 1,920 volts per mil for 
the complete cables. 

The relative surge strength of various 
types of cable still seems somewhat in- 
definite, even after considering the two 
papers. In a paper by Buss and Vogel,? 
published in 1935, the following tentative 
values were given: solid-type cable, 2,540 
volts per mil; oil-filled cable, 2,000 to 
2,540 volts per mil; pressure cable, 2,540 
to 3,000 volts per mil. While these results 
indicate higher surge strength of pressure 
cable than for solid-type or oil-filled cables, 
Mr. Scott stated in his 1933 AIEE paper 
that “‘at power frequencies and under long 
time application of voltage there is a con- 
siderable increase in endurance strength of 
oil-treated insulation at pressures of several 
atmospheres. Under impulse stresses, how- 
ever, practically no benefit is derived from 
increasing pressure. The effect of pressure 
on dielectric strength is greater the longer 
the time of voltage application, being 
negligible for the impulse voltage tests of 
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only a few microseconds duration.” On 
the other hand, Borel found an increase in 
surge strength with increasing pressure. 

Other questions of interest are the effect 
of thoroughness of impregnation and of 
aging on the surge strength of cables, the 
cumulative effect, if any, of repeated surges, 
the surge strength of three-conductor 
belted cables as compared with single- 
conductor cables, and the shape of the time- 
lag curve. It is realized that tests of this 
type are cumbersome, and progress in 
answering these questions will be of neces- 
sity slow. 

It is noted that all tests were made by 
Foust and Scott with positive polarity and 
most tests by Davis and Eddy were with 
negative polarity. Held and Leichsenring 
found no effect of the polarity on oil-filled 
cables but for solid-type cables obtained 5 
to 13 per cent higher surge strength for 
positive waves than for negative waves. 
The higher lightning voltages are usually 
negative. 
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P. L. Bellaschi and W. L. Teague (Westing- 
house Electric and Manufacturing Com- 
pany, Sharon, Pa.): These papers by 
Foust and Scott and Davis and Eddy pre- 
sent interesting data on the impulse and 60- 
cycle strength of insulating materials par- 
ticularly those used in cables. In testing 
similar materials and parts and in our ex- 
perience with the various factors affecting 
insulation breakdown, we have obtained 
results which are, on the whole and in 


Figure 2. Volt-time 220 
characteristics of in- 
sulation 


principle, in accordance with the findings 
so ably reported in the papers by Messrs. 
Davis and Eddy and by Messrs. Foust and 
Scott. It would lead the discussion too far 
afield with perhaps no particular profit to 
attempt a minute comparison of the various 
findings. 

There is a pertinent point which has a 
practical and a fundamental bearing on the 
insulation problem. Both papers indicate 
a volt-time characteristic for the type of 
insulation tested which is essentially con- 
stant down to one or two microseconds, 
These are in effect the shortest times to 
which the investigations were carried. 
The curves of figure 2 of this discussion 
enlarge on this fundamental question. 
These curves present the volt-time char- 
acteristics of liquid and solid insulation, and 
of apparatus insulation from the long times 
down to the very short impulses of 0.25- 
microsecond duration. 

Curve A is the characteristic for trans- 
former oil between a disk and a plate; 
curve D is for oil impregnated pressboard 
for the same electrode arrangement.! 
Curve B is the volt-time characteristic of 
major transformer insulation as applied to 
high-voltage design.?, Curve £ is for turn- 
to-turn oil-impregnated paper insulation. 
Curves D and £ are also typical for other 
insulation, as varnished cloth, etc. While 
we have no data at this moment on the 
impulse characteristic for rubber at the 
very short times, there are no good reasons 
to suspect that it has a greater upturn at the 
very short times than in these last two 
curves. 

The degree of the upturn of the volt-time 
characteristic depends on a number of 
factors, as the relative amount of liquid 
and solid insulation which make up the 
insulation body or structure, the treatment 
applied to the insulation, the electrode ar- 
rangement and insulation of the electrode 
proper, etc. 
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B—Transformer major insulation (reference 2) 
C—Oil-filled cables (reference 3) 
D—Oil-impregnated pressboard. 


Average for 1/16 and 1/s-inch thickness between disk and 


plate electrodes (reference 1) 
E—Ojl-impregnated turn-to-turn insulation. Average values for 0.03-, 0.06-, and 0.12-inch 
thick paper 
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or Curves A, D, and E apply for repeated 
- applications, which consist usually from 15 
to 30 impulses being applied before the 
; point of breakdown is reached. Curve B 
_ is an endurance curve for hundreds of 
applications. 
; Curve C (from the test data on cables 
_ by Held and Leichsenring) was established 
from single applications. On the flat part, 
repeated applications gave voltage values 
not more than five to ten per cent lower, 

It is possible that the upturn at the very 

short times would be lower on repeated 
applications and that the curve would come 
nearer to D. There are, however, other 
factors “which may account for the sub- 
stantial upturn of curve C, as the presence of 
oil in relatively good amount in an oil 
cable. The results of Held and Leichsen- 
ring at the longer times apparently differ in 
one respect from those of Messrs. Foust and 
Scott, in that the former found the break- 
down gradient at the conductor to be a 
constant. 

The additional data on the dielectric 
strength of cable insulating materials, 
presented in these two papers, should make 
it possible to better tie in the relative 
strength and characteristics of various 
apparatus, and to this additional extent, 
give further scope and strength to the 
general problem of insulation co-ordination. 
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L. G. Smith (Consolidated Gas Electric 
Light and Power Company of Baltimore, 
Baltimore, Md.): The industry is indebted 
to the authors for the data contained in 
the papers by Foust and Scott and Davis 
and Eddy. We have impulse flashover 
strength of line and station insulators and 
have available impulse levels of trans- 
formers and other apparatus. These data 
for cable augment the information necessary 
to design the system insulation levels and 
lightning protection installations. The im- 
pulse breakdown values reported presum- 
ably are for new cable. While information 
for new insulation is a necessary step, the 
user is also interested in similar data for 
older cable, after voids have formed, the 
oil deteriorated, or some ‘“‘tracking’’ has 
occurred in paper cable; the rubber has aged 
in rubber-insulated cable; or the insulation 
has deteriorated in varnished-cambric cable. 
Lightning protection must be designed to 
protect the cable throughout its useful life. 
It is realized that obtaining the data pre- 
sented in the papers involved considerable 
time and expense; and that the testing 
necessary to establish impulse strength of 
insulation as it ages represents even greater 
costs. However, the suggestion is made at 
this time as a guide to further research. 

In interpreting the data on paper cable, 
the conclusion is reached that insulation 
thickness and conductor size has slight 
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effect upon the impulse strength. On the 
other hand, the insulation thickness ap- 
pears to have a material effect upon the 
impulse breakdown of rubber cable. It 
would be of value to determine the effect 
of conductor size on both rubber and 
varnished-cambric insulated cable and the 
effect of insulation thickness on varnished 
cambric cable. 

It is interesting to note that the type of 
rubber compound that supposedly possesses 
the best aging characteristics developed the 
lowest impulse breakdown. The state- 
ment made in the Davis and Eddy paper 
that an impulse breakdown of rubber or 
varnished-cambric insulated cable may not 
result in a service failure is questioned. 
The 60-cycle tests were made subsequent 
to impulse breakdown. If normal rated 
60-cycle potential had been connected to 
the cable at the time of the impulse test, it 
is believed that power follow current would 
have reduced the fault resistance to the 
point where normal voltage could not have 
been withstood. 


L. F. Hickernell (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
This paper is a valuable contribution to the 
knowledge of the electrical characteristics 
of insulated power cables in that it presents, 
for the first time before the AIEE, impulse- 
strength data on varnished-cambric and 
rubber cable insulation. Previous and 
accompanying papers have been confined 
to similar data on impregnated-paper in- 
sulation. (‘‘Traveling-Wave Voltages in 
Cables” by H. G. Brinton, F. H. Buller, 
and W. J. Rudge, AIEE TRANSACTIONS, 
March 1933, page 121, figure 7, and ‘‘Some 
Impulse-Voltage Breakdown Tests on Oil- 
Treated Paper-Insulated Cables’? by C. M. 
Foust and J. A. Scott, AIEE Transac- 
TIONS, volume 59, 1940, pages 389-91.) 


IMPULSE GENERATORS 


Referring to ‘Impulse Generators’’, it 
is stated the impulse voltage was applied in 
seven-ky steps. Referring to ‘Impulse 
Strength of Rubber-Insulated Tree Wire’’, 
it is stated that the 60-cycle voltage was 
applied at the rate of three-kv per 15 sec- 
onds. In determining values of ultimate 
breakdown strength, the rate of rise of the 
applied voltage is important. Generally 
speaking, the faster the rate, the higher the 
value obtained. Accordingly, the following 
questions arise: 


1. Were all 60-cycle breakdown tests conducted 
with the same rate of rise of applied voltage? 


2. If so, what was the rate? (That is, does the 
three-kv per 15 seconds, stated under ‘‘tree wire’’ 
apply to all 60-cycle tests?) 


If the rate of rise were three-kv per 15 
seconds, it should be noted that the values 
in the paper cannot directly be compared 
with data obtained from factory test reports 


which generally are governed by ASTM des- 
ignation D470-37T. Section 13 of this 
standard specifies a rate of rise of three-kv 
per second. 


Errect oF ELEecrropp SuRFACE 
ON IMPULSE STRENGTH 


Table IV shows the results obtained with 
the following means of providing the 
grounded electrode: 


1, Lead sheath 
2. Immersion in salt water 
8. Lead foil wrapped over insulation 


It is concluded that the method used has 
no effect on the results. Inasmuch as (1) 
is unaffected by the time of immersion 
whereas (2) and (3)are, it would seem that the 
time of immersion prior to test was relatively 
short and should be so stated. In any event, 
the limit of the time of immersion for which 
this conclusion holds should be stated. 


Errecr oF INSULATION THICKNESS 
ON IMPULSE STRENGTH 


Table VI indicates a decrease in unit im- 
pulse strength with increasing wall thickness 
which is the basis for the statement, ‘‘The 
same tendency has been shown by the a-c 
strength of many insulations.”’ While it is 
generally true that the unit 60-cycle strength 
decreases with increasing thickness, most 
investigators have found that the unit 
impulse strength of insulations in general 
is practically proportional to their thick- 
ness; or as popularly stated, “‘an inch is an 
inch” insofar as impulse strength is con- 
cerned. This has been demonstrated by 
many investigators for porcelain insulators 
and to a more limited extent for impreg- 
nated-paper insulation (see references in 
first paragraph). Therefore, it would seem 
that if the data in table VI are truly repre- 
sentative after confirmation, the conclusion 
should be confined to rubber insulation. 


EFFECT OF COMPOUND TYPE 
ON IMPULSE STRENGTH 


In table VII, the following average 60- 
cycle strengths are shown for three types 
of rubber insulation: 


Rubber 60-Cycle Strength (Average) 
Compound Volts Per Mil 
NOL oy Ory stare wo ece aldose abigterao as 315 
AST Miatype-AGm, cate gsi: = see's 255 
Peciorusteic ssc 0 amok case 275 


While no claim has been made generally 
that type AO or Performite are high-voltage 
insulations, it is rather surprising to note 
that the authors obtain lower dielectric 
strength with their type AO (30 per cent) 
and Performite (35 per cent) than they do 
on their Code (20 per cent) compounds. It 


Table | 
Conductor pee 
Table (American Insulation verage 
Number Insulation Wire Gauge) (64ths) Outer Electrode Volts Per Mill) 
Willeeenitice op ADMY OLE: pian aia SOR a avg a of #0 BiOE Gye save cette (Saltwater) ssmarte se 1,340 
TEs neue are ATHY GP OX ceria ears (Gime eatenatenelsi es a.0 Dt vravhes aberttars Toead Veen wae erates 1,143 
Ratio: sm demise a Gol7, 
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is not believed that this is truly representa- 
tive of the relative rating of these types of 
insulations in the industry in general. 


RELATIVE IMPULSE STRENGTH OF RUBBER, 
CAMBRIC, AND PAPER-INSULATED CABLE 


Rubber. The text states these tests were 
conducted on a “typical 60 per cent rubber,”’ 
table IX indicating this to be ‘‘Anhydrex’”’ 
rubber. It would be interesting to know 
the reason for the lower impulse strength 
of Anhydrex rubber shown in table IX as 
compared with table VII, as shown in table 
I of this discussion. 

Paper. It would be of interest to know 
the thickness of the paper tapes as well as 
the Gurley air resistance. It may be 
pointed out that 300 seconds air represents 
a low density paper as judged by modern 
standards of paper-cable manufacture. 
This paper is quite different from that used 
for the sheet tests reported under ‘‘Im- 
pulse Strength of Rubber, Cambric, and 
Paper Sheets’ (five mils, 2,000 seconds 
Gurley). 

The term ‘‘typical oil” is rather indefinite 
in view of the present use of naphthenic and 
paraffinic-base oils from different fields, 
with or without rosin, by the several manu- 
facturers. 

Control of Rubber. The authors suggest 
the possibility of making rubber insulation 
equal to paper in impulse strength because 
the ‘‘compounding variables” in rubber are 
Subject to a wider range of control than in 
paper or cambric. In this endeavor, the 
well wishes of the entire industry will be 
extended to them. However, it would seem 
only fair to point out that both theory and 
present experience would indicate this to be 
a most difficult if not impossible assign- 
ment. In general, dielectric strength seems 
to follow the same laws as mechanical 
strength; namely, a laminated structure is 
stronger than a solid structure. Rubber is 
a more or less solid material; paper and 
cambric are laminated structures. 

While it is true that there are more 
“compounding variables’ in rubber than 
paper and cambric and hence more factors 
to juggle, there are also more chances for 
things to go wrong and the manufacture is 
on the whole less subject to control. A 
recipe for a rubber insulation will contain 
from five to ten ingredients compared with 
two for paper or cambric. The advantage 
of this flexibility is offset by the difficulty of 
controlling the quality and dispersion of so 
many ingredients (gum rubber itself is 
practically impossible to control). In addi- 
tion to formulation, a rubber compound 
must be mixed, rested, warmed, tubed or 
stripped, and vulcanized. While these 
operations are subject to some control, the 
degree does not approach that capable with 
paper insulation. A paper cable can be 
closely governed by actual measurement of 
its electrical characteristics during its proc- 
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essing. Accordingly, it is doubtful if a 
commercial length of rubber cable can be 
made foot by foot of as high and uniform 
quality as paper cable simply because the 
manufacturing processes are inherently not 
subject to as fine a degree of control. 


PROPERTIES OF IMPULSE FAULTS IN 
RUBBER AND CAMBRIC INSULATION 


The conclusion that the 60-cycle strength 
of either rubber or cambric is sufficiently 
high after an impulse fault to prevent a 
service failure for some time is not sub- 
stantiated by the test data in table XI. 
In actual service, a lightning fault is gener- 
ally followed by a 60-cycle power are which 
burns the insulation and greatly lowers the 
a-c strength. This service condition is not 
simulated in a shot from an impulse gener- 
ator with no power follow-up. 


E. W. Davis and W. N. Eddy: Mr. McKin- 
ley’s calculated comparison of the impulse 
strength of 26-kv walls of varnished cam- 
bric, paper, and rubber leaves the rubber a 
poor third with only one-half the impulse 
strength of paper or cambric. We cannot 
agree that this comparison is justifiable, for 
three reasons: 


1. His determination of the ozone-resistant rubber 
strength by extrapolation to 0.469-inch wall is too 
speculative with the available data limited to six 
points between 0.075- and 0.125-inch wall. 


2. His assumption that the cambric strength at 
0.422-inch wall is as high as that at 0.094-inch wall 
does not appear justified in the complete absence 
of data. Cambric may not be any more similar to 
paper in impulse strength than in other electrical 
properties. 


3. For a 26-kv cable we would use a 60 per cent 
high-voltage rubber (with proper ozone protection) 
which in table VII has an impulse strength 50 per 
cent higher than that of the ozone-resistant rubber. 


Both Mr. Foust and Mr. Hickernell 
question the significance of the data in 
table XI because the impulse faults were not 
produced with the 60-cycle and impulse 
voltages superposed as they probably 
would be in the field. We do not believe 
that this limitation is serious. Consider- 
able data from laboratory tests on cable 
taken from service, from field tests on in- 
stalled cable, and from customers’ records 
indicate that impulse faults may be formed 
in the presence of continuously applied 
60-cycle voltage and the cable still remain 
in service for an indefinite period after the 
lightning damage. A typical field ex- 
perience is that the breaker opens during the 
storm but is immediately reclosed with no 
further trouble. Sometimes there is not 
even this indication of lightning trouble. 
Hours or even days after the storm the cable 
fails. Subsequent tests show that in 
addition to the developed fault causing the 
failure the cable often contains other faults 
having properties very similar to the 
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laboratory-made impulse faults described 
in tables XI and XII. 

Mr. Foust is puzzled by the constant 
impulse strength shown in table V with 
increasing sample length. We share his 
point of view. In fact we investigated the 
matter in more detail than is indicated in 
the paper and intend to continue this in- 
vestigation at the first opportunity. In 
connection with his discussion of the 
voltage drop across the water the following 
testing details lead us to doubt that an 
appreciable portion of the impulse is taken 
by the outer cable electrode. 

All water was salt water. Tests were 
made in water on samples from one length 
at one, two, five, and ten feet from another 
length at one, two, five, and ten feet and 
from another length at two and five feet. 
Tests were made on leaded samples (not 
in water) from another length at 10, 20, 
and 40 feet. None of these 70 tests show 
any appreciable effect of the length. They 
are all well represented by the values in 


table V. 
With reference to Mr. Hickernell’s ques- 
tions, in the order given; 


1. All 60-cycle breakdown tests were made with 
the same rate of voltage increase, three kv per 15 
seconds. Our experience indicates this rate to be 
the most practicable in general for such purposes. 
We have been using it more than 12 years. 


2. In connection with table IV we do not under- 
stand his statement that method 3 (lead foil 
wrapped over insulation) is affected by the time of 
immersion. Only method 2 (immersion in salt 
water) is affected by the time of immersion. In 
general our tests indicate that there is no appreci- 
able influence of immersion time in salt water on 
dielectric strength for several months. Since none 
of the samples reported in the paper were immersed 
in the salt water more than one hour, we believe 
there is no influence of immersion time. 


3. We agree that any conclusion from table VI 
should be limited to rubber insulation. In fact we 
feel that the wording of the paper makes this quite 
obvious. 


4. With reference to table VII he questions the 
relative 60-cycle strengths of Code, AO, and Per- 
formite compounds (given as 315, 255, and 275 volts 
per mil respectively). Our tests indicate that these 
differences in dielectric strength are too small to 
be of any significance. These particular values 
were obtained on the particular wire used for the 
impulse tests. Hundreds of other tests made by us 
on these three compounds indicate no significant 
difference in 60-cycle strength among the three of 
them. 


5. He questions the slight difference in the impulse 
strengths of Anhydrex shown in tables VII and IX. 
We have a good many different Anhydrex com- 
pounds. As it happens, that in table IX showing 
a strength of 1,143 volts per mil is one of the earlier 
compounds while that in table VII (1,340 volts per 
mil) is a more recent compound. As stated in the 
paper, all the tests were not made at the same time. 


7. The tapes in the paper cable were three- 
fourths inch wide by 0.007 inch thick. The oil was 
paraffin-base, without rosin, 


8. Without attempting a detailed discussion of the 
control of rubber we may say that we are unable to 
share Mr. Hickernell’s pessimism in this respect, 
because we have too much evidence that the physi- 
cal and electrical properties of rubber compounds 
can be kept under close control. 
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HERE power and communication 
facilities are in proximity, electro- 
magnetic induction from the power sys- 
tem may cause disturbances in the com- 
munication system. The avoidance or 
minimizing of such disturbances, with due 
regard to the service and other needs of 
both systems, is a problem of co-ordina- 
tion, which is conveniently divided into 
two parts, one dealing with low-fre- 
quency inductive co-ordination and the 
other with noise-frequency co-ordination. 
The present paper undertakes a general 
examination of the problem of low-fre- 
quency inductive co-ordination in the 
light of developments during the past 
decade. The situation as it existed at 
the beginning of the decade is to be found 
well set forth in a paper presented in 
1931 at the AIEE winter convention by 
R. N. Conwell and H. S. Warren. The 
present paper, like its predecessor, de- 
rives from the work of the Joint Subcom- 
mittee on Development and Research* 
of the Edison Electric Institute and the 
Bell System. It is largely concerned with 
induction from currents due to power 
system ground faults and the transients 
which accompany such faults. It gives 
relatively little attention to continuous 
low-frequency effects since, up to the 
present at least, such effects have not 
been a primary concern in the low-fre- 
quency co-ordination of commercial power 
circuits and Bell System communication 
circuits. 

A further object of the paper is to out- 
line the various factors that require con- 
sideration in practical situations and to 
discuss their significance under present- 


Paper 40-49, recommended by the AIEE commit- 
tee on communication, and presented at the AIEE 
winter convention, New York, N. Y., January 22- 
26, 1940. Manuscript submitted November 8, 
1939; made available for preprinting December 27, 
1939; released for final publication February 21, 
1940. 


J. O’R. Coreman is engineer with the Edison 
Electric Institute, New York, N. Y., and H. M. 
TRUEBLOOD is protection development director, 
Bell Telephone Laboratories, Inc., New York. 

* Referred to hereinafter as the “Joint D. & R. 
Subcommittee.” 

1. For all numbered references, see list at end of 
paper. 
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day conditions. To provide necessary 
background for this, recapitulations of 
fundamentals are included at appropriate 
points. Detailed discussions necessarily 
omitted from the paper itself are to be 
found in the papers listed in the bibliog- 
raphy, many of which, particularly the 
Conwell-Warren paper,! contain further 
references. 


A situation which calls for measures of 
inductive co-ordination ordinarily in- 
volves a parallelism or quasi parallelism 
of sections of power and communication 
lines. The possibility of disturbance by 
electromagnetic induction from the one 
system to the other depends upon certain 
characteristics of the power system (called 
““nfluence factors’’) and also upon such 
characteristics of the communication 
system as affect its liability to disturb- 
ance (‘‘susceptiveness factors’). Of equal 
significance are the ‘‘coupling factors’, 
which determine the electromagnetic 
coupling between the two systems. Fig- 
ure 1 is a diagrammatic representation of 
the main factors of these three groups in a 
low-frequency induction situation. Some 
of these items can obviously be evaluated 
by calculation or by relatively simple 
tests, while others do not lend themselves 
to determination by such methods. 


In a low-frequency induction problem, 
where, as in figure 1, power-system 
ground-faults are involved, it is custom- 
ary, first, to calculate the maximum 
“open-circuit” longitudinal induced volt- 
age. To do this, values are required for 
the residual power current (that is, in 
general, ground-return current) to pro- 
duce this maximum voltage and for the 
corresponding coupling coefficient. The 
“open-circuit” voltage thus calculated is 
next reduced to what may be called the 
“shielded’”” maximum longitudinal in- 
duced voltage. In this reduction, allow- 
ance is made for shielding effects exerted 
by normally grounded paralleling con- 
ductors (ground wires, cable sheaths, 
etc.) and, in the case of cables, by core 
conductors. In addition, allowance must 
be made for additional shielding resulting 
from longitudinal currents set up in com- 
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munication conductors normally free 
from connections to ground, but which 
become grounded, through protector 
operation, as a result of the induction. 
This latter allowance is not ordinarily a 
simple matter. 

It is also usually necessary to know 
approximately how frequently voltages 
within specified ranges of magnitude will 
be induced, and how long they will last 
when they occur, since the duration of the 
disturbance affects the energy transferred 
to the communication system. 

Further, although the longitudinal 
voltages are determining with respect 
to some kinds of interference, voltages 
to ground are important with respect to 
other types. Hence a certain amount of 
estimating of the distribution of the in- 
duced longitudinal voltages with respect 
to ground is generally desirable. 

The final step is, of course,*the estima- 
tion of the adverse effects of these volt- 
ages upon the operation and maintenance 
ef the communication circuits, and the 
determination where necessary of meas- 
ures to be taken in either or both systems 
to minimize the effects. 

Valuable information regarding the 
fundamental factors just discussed has 
been secured in an analysis? of automatic 
oscillograph observations from 29 actual 
exposures, which also indicated sources 
of uncertainty in making advance ap- 
praisals of low-frequency induction situa- 
tions. Comparison of maximum observed 
voltages with maximum estimated values 
showed deviations up to about 75 per 
cent, in both directions. Contributing to 
these discrepancies were shielding from 
telephone-line conductors grounded by 
protector operation, erroneous assump- 
tions of fault resistances, failure of faults 
to occur at or near locations to produce 
the maximum voltage, and wave-shape 
distortion of induced voltage. Duration 
of induced voltage, distance between 
protector locations, and number of wires 
on the telephone line were important in 
cases of protector grounding. Distribu- 
tion of induced longitudinal voltage with 
respect to ground was clearly a matter of 
importance, although not covered by the 
available data. 

The several factors of influence, cou- 
pling, and susceptiveness will now be dis- 
cussed in order. 


Power Systems—Influence Factors 
RESIDUAL CURRENT MAGNITUDES— 
CALCULATION AND LIMITATION 


The magnitude of fault current and its 
distribution among the various branches 
of a network may be calculated for any 
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assumed fault location and operating 
setup. For a grounded-neutral system 
the fault location is usually assumed at 
the end of the exposure remote from the 
neutral ground. When line-to-ground 
fault current may be fed into the exposure 
from two directions, consideration should 
be given to the sequence of breaker opera- 
tion in calculating the conditions for 
maximum induced voltage. Where un- 
grounded circuits are involved, it is the 
usual practice to assume a fault on one 
phase at one end of an exposure and a 
fault on another phase at the other end. 
This condition gives the maximum possi- 
ble ground current through the exposure 
and hence the maximum induced voltage. 
As a rule, this current is larger than the 
current through the same exposure under 
the assumption of direct-grounded power 
neutral. 

The impedances of power lines and 
cables are important elements in deter- 
mining the magnitudes of residual currents 
under fault conditions. The most im- 
portant gaps of ten years ago in data re- 
garding these quantities have been filled 
in a report of the Joint D. & R. Sub- 
committee.4 Impedances in  power- 
circuit neutral-ground connections of 
course affect ground-fault current mag- 
nitudes. Such impedance may be in- 
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Factors affecting the severity of an 
inductive exposure 


Figure 1. 


Influence Factors—Affecting magnitude and 
duration of power-system residual fault cur- 
rent: 


Line voltage 
Transformer impedance 


Impedance of supply to transformers 


A wp 3 


. Method of neutral grounding and grounding imped- 
ance if used 


5. Power-line impedance 
6. Fault location and fault resistance 


7. Circuit breakers and tripping equipment 


Factors (not indicated in drawing) affecting 
frequency of occurrence in faults include: 


Lightning, wind, and sleet storms 
Construction practices 


Foreign objects in line 


herent in the grounding equipment or 
may take the form of an external resistor 
or reactor, or a Petersen coil (ground-fault 
neutralizer). Considerations arising from 
power system design and operation affect 
the magnitude of neutral impedance 
which may be used, 

In calculating ground-fault currents 
for use in estimates of induced voltages, 
significant errors may be caused by fail- 
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Coupling and Shielding Factors—Affecting 
induced voltage in communication system for 
given residual current in power system: 


8. Separation between lines 
9. Earth resistivity (also affects influence) 
10a, 10b. Shielding from power-line ground wire and 


telephone-cable sheath when present 

Susceptiveness Factors—Affecting communice- 
tion system disturbances under given induced- 
voltage conditions: 


11. Protectors—breakdown of blocks and rating of fuses 
12. Size, length, kind, and number of wires on line 


(Some wires may become shielding conductors due to pro- 
tector-block operation) 


13. Low-frequency characteristics of equipment 
14, Impedance to ground of terminal equipment 
15. Resistance of ground connection 

16. Voltage from conductors to ground 


17. Voltage between wires (arising from differences of 
voltage to ground) 


(Not indicated)—Location of exposure with 
respect to nearest protector blocks 


ing to take account of fault resistance. 
This, and other fault characteristics of 
interest, have been studied by the Joint 
D. & R. Subcommittee with the co- 
operation of a number of power com- 
panies.>° Data were collected by means 
of automatic oscillographs from 11 op- 
erating power systems, having a total 
of about 2,800 circuit miles of trans- 
mission line at voltages ranging from 
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26 to 220 kv. 
_ vation were from 11/4 to 51/, years. For 


The periods of obser- 


one-line-to-ground faults, the most fre- 


- quently occurring apparent fault-resist- 


ance, irrespective of fault location, was 
found to be about 20 ohms (5 ohms for 
faults at stations), with no great differ- 
ence as between lines supported on steel 
structures and on wood structures. How- 
ever, the studies did not include any lines 
designed for maximum utilization of the 
impulse strength of wood. 

Since the installation in 1931 of two 
Petersen coils on a 140-kv system,’ about 
30 other Petersen coils have been installed 
in this country. With a given arrange- 
ment of coils, the residual current in a 
given exposure, and consequently the 
induced voltage, is practically independ- 
ent of fault location. With a directly- 
grounded or an isolated power system, the 
induced voltage depends upon the rela- 
tive locations of fault and exposure, and 
may vary over a wide percentage range. 
In grounded-neutral systems, residual 
currents large enough to make limitation 
desirable for inductive co-ordination pur- 
poses usually occur only where the neu- 
tral is grounded either directly or through 
a low impedance, and large reductions 
are obtainable through the employment 
of a Petersen coil. 


Line outages preventable by Petersen 
coils are mainly those due to lightning 
flashovers. To clear faults not extin- 
guished by the coil, recourse is usually 
had to short-circuiting the coil, either di- 
rectly or through an impedance, and 
relaying out the faulty section of line. 
Unless a fairly high impedance is used, 
the residual current would usually be 
quite large under this condition. But the 
proportion of all faults that can be cleared 
without by-passing the coil (reported as 
from 70 to 90 per cent in various cases*) 
is sufficient to be of real value, even when 
no impedance is used in series with the 
by-pass breaker. 

From the standpoint of inductive co- 
ordination, other types of neutral imped- 
ance, such as resistors, can be used for 
current limitation, and their status does 
not appear to have changed in the past 
ten years or so. Fault-current limitation 
has certain advantages from the power 
operating standpoint, for example, in 
limiting voltage dips, possible loss of 
load, and shock to system during faults,’ 
and for improving transient stability.’ 
Against these advantages, certain dis- 
advantages have to be weighed, if the 
neutral impedance is to be high enough 
to have a large effect in most low-fre- 
quency induction cases. These questions 
center mainly upon dynamic overvoltage 
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and the closely related matter of system 
insulation, and upon relaying.” 
Dynamic overvoltages vary over a 
power system because of the flow of resid- 
ual current through line impedances, 
In figure 2 a few results are shown from a 
recording oscillograph study of dynamic 
overvoltages on overhead systems under 
operating conditions,.'412 The percent- 
age of observed cases in which the voltage 
exceeded twice normal was about 64 for 
the isolated system, about 5 for the sys- 
tem grounded through Petersen coils, 
and about 34 for the resistance-grounded 
system (75 ohms). These records from 
operating systems were in general accord 
with the results of staged tests.13 No 
evidence was found of the building-up of 
high sound-phase voltages, such as have 
been inferred to be possible from theoreti- 
cal studies of the “arcing-ground” phe- 
nomenon. The view has recently been ex- 
pressed by other investigators that such a 
voltage build-up is not to be expected if 
the arc path is between fixed contacts 
in open air, as in the case of an arc to 
ground on an overhead line, but that it 
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Figure 2. Dynamic overvoltages—magnetic- 
oscillograph observations on operating systems 


A—800-mile 140-kv isolated system 

B—9274-mile 140-kv Petersen-coil system 

C—158-mile 26-kv 75-ohm _ resistance- 
grounded system 


may occur if the are occurs in a confined 


or between breaker contacts 
14,15 


space!4 
whose separation is increasing. 

Questions concerning system insula- 
tion’®17,18 may arise when it is proposed 
to apply a relatively high neutral im- 
pedance to a system previously operated 
with neutral grounded directly. The 
nature of these questions can be indicated 
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briefly by recalling that a lightning arres- 
ter must operate at an impulse voltage 
amply below the insulation level of the 
protected apparatus and still not operate 
or pass current on dynamic voltages 
likely to be impressed upon it by power 
sources in the system. While there are 
many factors to be considered in suiting 
lightning-arrester protection levels to 
the insulation levels of equipment, a con- 
siderable improvement during the past 
decade in lightning arresters, together 
with more detailed knowledge of their 
characteristics, has somewhat simplified 
this matter, ! 

Relaying questions involved in neutral 
impedance applications to systems pre- 
viously operated with direct ground con- 
nections” include the possibility of 
changes in ground relays or the adoption 
of ground relaying if not previously used, 
additional potential transformers (when 
ground relaying is not already in use), 
possible changes in bushing current trans- 
formers, and in some cases, a change to a 
different relaying system in some portions 
of a network (to maintain proper selec- 
tivity). Ground relaying frequently 
presents difficulties for systems grounded 
at more than one point through high im- 
pedance. 


FREQUENCY OF OCCURRENCE AND 
DURATION OF GROUND FAULTS 


The frequency with which induced 
voltages of various magnitudes may 
occur in an exposed communication sys- 
tem depends, first, upon the frequency of 
occurrence of ground faults in the power 
system and, second, upon their distribu- 
tion with respect to the locations of ex- 
posure and power sources. In most cases, 
appraisals of these factors are largely 
matters of judgment. Valuable guidance 
is usually obtainable from operating 
experience on the power system or similar 
systems in the same locality, and from 
consideration of the character of line 
construction, connected line mileage, and 
number and location of neutral grounds. 
Duration of ground faults can usually be 
approximated well enough from relay and 
circuit breaker characteristics. 

A simple illustration of the bearing of 
the relative locations of exposure and 
power source upon the frequency of oc- 
currence of induced voltage is given in 
figure 3. In diagram (A) the exposure is 
at an unfavorable location—practically 
every ground fault would result in residual 
current through the exposure. On the 
other hand, an exposure located as in 
diagram (B) would be appreciably affected 
only by the faults between stations B and 
C. In diagram (A), it would be advan- 
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tageous, if practicable, to transfer the 
neutral ground to station (B). Moreover, 
this would not increase the number of 
cases of induced voltage in the exposure 
of diagram B, but would probably increase 
the voltages themselves. 


In studies already referred to,°® a 
large amount of data was collected re- 
garding the characteristics of ground 
faults. As to frequency of occurrence 
there was considerable variation among 
systems (from 5 to 60 faults per 100 line- 
miles per year, averaged over the periods 
of observation), and also from year to 
year on a single system. Lightning was 
assigned as the known or probable cause 
of from 50 to over 90 per cent of the faults, 
depending on the system. On the aver- 
age, some 10 per cent of the faults were 
cleared in about 10 cycles, and about 10 
per cent required two seconds or more for 
clearance. The percentage of faults in- 
volving each of two phase wires and 
ground, but at different points, was small 
—from about one-half per cent to about 
six per cent in three systems for which 
data were available. This point is of in- 
terest in the use of neutral impedance for 
inductive co-ordination, since, if an ex- 
posure lies between the two fault points 
on different phase wires, a high induced 
voltage may result, the neutral impedance 
being ineffective for limiting ground cur- 
rent in this situation. 

In the past ten years, the importance of 
direct strokes in the problem of protecting 
transmission lines from lightning has be- 
come fully recognized. This has led to a 
series of investigations which have 
greatly increased our knowledge of 
lightning, "21,2? and to the development of 
several methods of preventing interrup- 
tions to service from lightning. Measures 
for preventing ground faults or power 
follow-up after spark-over, or for limiting 
the duration of dynamic current to ground 
faults are directly helpful in low-fre- 
quency inductive co-ordination. In the 
remainder of this section brief comments 
are made on the developments that seem 
most significant from this point of view. 

The use of ground wires on steel-tower 
lines results in a substantial reduction in 
ground faults from lightning.23 The 
combined use of counterpoises and ground 
wires has given further improvement 
where tower-footing resistance or earth 
resistivity is high.?*?4 Where the coun- 
terpoise is continuous, it, as well as the 
ground wires, makes a further contribu- 
tion by reducing coupling coefficients. 

Possible improvements in line opera- 
tion through the use of the insulating 
properties of wood,” while perhaps 
somewhat less attractive than they ap- 
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peared some ten years ago, have also 
resulted in reduction of frequency of 
occurrence of faults, Quite recently re- 
newed interest in the subject has led to a 
comprehensive experimental study of 
fundamental factors.” 

The protector tube (expulsion protec- 
tive gap), for controlling lightning flash- 
overs on power lines, first used commer- 
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Figure 3. Relative locations of exposure and 
grounded sources of power—illustrative dia- 
grams 


cially in 1931-32, is finding increasing 
application, and has been used on lines 
covering the voltage range from 13.8 to 
188 kv.%?° This device interrupts the 
flashover and restores the insulation 
within about a half cycle. It has no effect 
in limiting short-circuit current magni- 
tude, and thus none in holding down the 
voltage induced in an exposed communi- 
cation circuit. But its great rapidity of 
action limits the energy transferred. 
Because it operates directly upon the 
fault itself, there are no sequential cir- 
cuit-breaker operations to be considered. 

Another device for arc-extinction pur- 
poses is the Petersen coil. From the view- 
point of this paper, it is perhaps of more 
interest as a means for limitation of resid- 
ual current, and has been discussed 
above under that heading. 

Relay and circuit-breaker develop- 
ments have been toward substantially 
higher speeds of operation, both for new 
installations and in the modernization of 
existing installations. These develop- 
ments have made available breakers 
with an operating time of about 0.13 
second, and quite recently still higher 
speed (about 0.085 second). These fig- 
ures do not include relaying time. The 
exceptional speed of about 0.05 second 
over-all has been reached in the breakers 
for the Boulder Dam lines.%31 Like 
“lightning-proof” line construction and 
the use of expulsion gaps, high-speed 
breakers have, of course, no effect upon 
short-circuit current magnitudes. But 
they have the advantage of not being 
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limited to the clearance of lightning flash- 
overs. As used in combination with high- 
speed reclosing immediately following — 
high-speed opening of circuit breakers, 
there will probably be some cases where 
fault recurrence after reclosure will 
diminish the inductive co-ordination 
benefit resulting from the high-speed 
opening. 

From the low-frequency induction 
standpoint, the most notable improve- 
ments in relaying have been increases in 
speed of response, the further develop- 
ment and use of pilot-channel meth- 
ods, 333,34 and particularly the combina- 
tion of the two to replace earlier methods 
of selection, with much greater rapidity of 
relay action. In some recent applica- 
tions, the time to energize the breaker 
trip circuit has been reduced to about one 
cycle (60 cycles per second) by using 
high-speed relays in combination with 
pilot channels,* with practically simul- 
taneous relay operation at the two ends of 
the line section. 

These developments in the power art, 
tending to reduce both the frequency of 
occurrence and the duration of ground 
faults, are all favorable to low-frequency 
inductive co-ordination. From a practi- 
cal standpoint, the resulting degree of 
benefit depends upon the extent of use of 
these developments, and upon which are 
more widely used, since they are not all 
equally favorable. These matters, of 
course, are not static and the actual ex- 
tent of the resulting reaction upon low- 
frequency inductive co-ordination is not 
easy to specify in quantitative terms. 


Coupling and Shielding 


CouPLING 


The residual power current, when mul- 
tiplied by the coefficient of coupling be- 
tween the power and telephone circuits, 
gives the open-circuit longitudinal in- 
duced voltage in the telephone circuit. 
In determining this coefficient of coupling, 
or mutual impedance, the telephone and 
power circuits are treated as ground- 
return circuits, regardless of normal con- 
ditions of operation as metallic circuits, 
Coupling coefficients can be determined 
as precisely as required. Methods of 
calculation have been considerably ad- 
vanced, and in preliminary estimates, 
calculated values are generally used. As 
a rule, however, expenditures for co-or- 
dination measures should only be made 
on the basis of test data or experience. 

In earlier work, the calculation of cou- 
pling coefficients was based on the “‘equiva- 
lent ground plane” theory. This theory 
was first superseded by one in which ac- 
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of the earth, assumed to be homogeneous. 
Another assumption, retained from the 
earlier theory, is that the primary or 
“disturbing” circuit is straight and of 
infinite length. Experimental work in- 
terpreted by this theory showed that the 
earth is frequently far from homogeneous 
and that its resistivity varies widely from 
place to place, from 5 to over 10,000 
meter-ohms in extreme cases, with corre- 
sponding variations in coupling coef- 
ficients between circuits. This variation 
is much smaller at close than at wide 
separations. For example, at a separa- 
tion of 50 feet, the 60-cycle mutual im- 
pedances between parallel circuits are 
about 0.36 and 0.63 ohm per mile for 
resistivities of 10 and 1,000 meter-ohms, 
respectively. At 5,000 feet separation 
for the same resistivities the figures are 
about 0.0035 and about 0.1. These rela- 
tionships are shown in more detail in 
figure 4, which is taken from a compre- 
hensive report® on coupling between 
ground-return circuits. 


This theory has since been expanded 
to allow certain departures from homo- 
geneous earth structure, including 
a horizontally stratified earth of two 
layers with different resistivities. In 
many situations calculated values based 
on this assumption have agreed well with 
experimental results. 


While the assumption of an infinitely 
long, straight primary circuit is satis- 
factory in most practical cases, there are 
situations in which its application is ac- 
companied by uncertainty. Examples 
are where the grounding points of the 
power and telephone lines are in prox- 
imity at one or both ends of the exposure, 
and where breaks in direction occur in 
one or both of the circuits. Investigation 
of these ‘‘end-effect’” phenomena have led 
to the development of formulas*%# 
in which no restrictions are placed upon 
the lengths of the circuits or the routes 
they follow, nor upon the relative loca- 
tions of their end (grounding) points. 

In application to practical cases, these 
“finite-line’’ formulas require a great deal 
more labor than the infinite-line theory. 
Theoretical and experimental study of the 
need of better precision than the latter 
affords has not been completed, but work 
done to date indicates that results based 
on this simpler theory need scrutiny, 
particularly if the earth resistivity is 
high, in cases of proximity of grounding 
points, and of breaks of direction in either 
circuit, toward or away from the other, 
and not compensated by breaks at other 
points in the opposite direction. If rea- 
sonably accurate knowledge of earth 
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Figure 4. Variation 
of mutual impedance 
with separation 
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resistivity is available, the effect of 
proximity of grounding points can be ap- 
proximated by an easily calculated cor- 
rection. 

In “‘probe-wire” tests for determining 
earth resistivity, a number of secondaries 
(probe wires), parallel to a primary line 
and at various separations, are used. If, 
for some of the wires, the separations are 
too large compared to the length of the 
primary, errors in the earth resistivity, 
as inferred from the infinite-line formula, 
can be avoided by applying relatively 
simple corrections based upon the finite- 
line theory. 

Earth resistivity depends on the earth 
structure at the location in question. A 
compilation of data has been made of 
earth resistivities in various parts of the 
country, including correlation of geologi- 
cal formation with resistivity,4! which 
will serve as a general guide in preliminary 
estimates. 


SHIELDING 


In this discussion, the word “‘shielding”’ 
is used in a restricted sense to mean a re- 
duction in an induced voltage, this re- 
duction being caused by the action of 
currents brought into existence by the 
same primary source that causes the in- 
duced voltage. The conductors in which 
these currents exist are called shielding 
conductors or shields. They may be 
associated with the primary system 
(for example, power line ground wires) 
or with the secondary system, (for ex- 
ample, telephone cable sheaths) or they 
may be especially placed purely for 
shielding purposes. Grounded metallic 
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structures such as water or gas pipes also 
frequently provide shielding. The effect 
of extensive networks of such pipes, as in 
cities, is essentially the same as a lowering 
of the earth resistivity, and is accounted 
for directly in the coupling coefficients 
rather than as shielding. 

Results of experimental and theoretical 
work done on shielding by the Joint 
D. & R. Subcommittee up to about 
five years ago have been published 
in an engineering report.4? Here meth- 
ods and data are given for calculat- 
ing shielding from conductors on open- 
wire telephone or power lines, from the 
sheaths of aerial or underground power 
cables, and from the sheaths of aerial or 
underground telephone cables with or 
without tape armor. An approximate 
method for estimating shielding from 
grounded-core conductors in telephone 
cables is included. 

The information in this report shows, 
for example, that the shielding from a 
three-eighth-inch steel ground wire on a 
60-cycle transmission line is 10 per cent 
or less; two high-conductivity aluminum- 
conductor steel-reinforced ground wires 
afford a shielding of about 55 per cent. 
At 60 cycles, shielding by the lead sheath 
of a full-size telephone cable is of the order 
of 50 per cent if the sheath is in good con- 
tact with the earth. When the sheath is 
wrapped with tape armor (two 40-mil 
steel tapes on the larger-size cables), this 
figure is increased to 80 or 90 per cent. 
Shielding due to power cables depends 
upon the construction and may vary any- 
where from 40 to 70 per cent. The 
effects of buried pipes are usually difficult 
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to estimate unless the pipes are welded, 
because of the unknown resistance of pipe 
joints. 

Existing methods for calculating shield- 
ing take account where necessary of dis- 
tributed admittance between shielding 
conductors and ground. More recently, 
consideration has been given to the effects 
of currents in the disturbed conductors 
themselves. In long telephone cables, 
such currents are established in part be- 
cause of the distributed admittances of 
the core conductors, and in part they re- 
sult from the use, in normal operation, of 
equipment connected from conductors to 
ground at terminals and at intermediate 
repeater points. The shielding effects” 
of these currents, particularly those 
through terminal equipment, are of sub- 
stantial importance. For example, con- 
sidering a 50-mile repeater section of full- 
size cable inductively exposed, the 60- 
cycle voltage between conductors and 
ground at the terminals, where the sheath 
is grounded, may be only some 5 to 15 
per cent of the open-circuit longitudinal 
voltage, that is, the induced voltage 
with the effects of all shielding currents, 
both in the sheath and in the core, elimi- 
nated. At points away from terminals, 
considerably larger voltages may exist 
between conductors and sheath and more 
particularly between conductors and 
ground, when as a result of two-direc- 
tional power current feeds, shielding 
effects may be partially cancelled. In 
construction and maintenance work, a 
part or all of the core conductors may be 
open, eliminating or reducing shielding 
currents in them. In this case, voltages 
across breaks in conductors are impor- 
tant, as well as voltages to sheath or 
ground. 

The usual methods for calculating re- 
ductions of longitudinal induced voltage 
by shielding assume in effect that in any 
measurements made, for example to 
verify the calculations, the potential of 
a distant ground is taken as reference. 
However, in cases of very close associa- 
tion between shielding and shielded con- 
ductors, of which cables are the best 
example, the voltage between these con- 
ductors (core and sheath, in a cable) is 
frequently of as much interest as the 
voltage between some point on the core 
and a distant point. 


* From a different point of view, these effects are 
merely the voltage drop in the disturbed conduc- 
tors, resulting, of course, from the currents set 
up in them by the disturbing field. This voltage 
drop is a self-impedance drop and the shielding is 
“‘self-shielding’”’. When, as in the earlier discus- 
sion, the current producing the shielding is in a 
conductor (for example, the cable sheath) which is 
not itself one of the disturbed conductors, the 
shielding is also a voltage drop, but it is due to the 
mutual impedance between the shielding conductor 
and the disturbed conductors. 
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Questions of the character of those just 
discussed are on the current program of 
the Joint D. & R. Subcommittee. An- 
other matter which is receiving at- 
tention is shielding by communication 
conductors grounded through the op- 
eration of protectors. This involves 
rather difficult calculations, with results 
liable to considerable error. 


TESTING METHODS 


Even with the advances already de- 
scribed in the theory of coupling between 
ground-return circuits, tests are generally 
necessary for important situations. Con- 
siderable attention has therefore been 
devoted to the possibilities of simplified 
test procedures. When lines are avail- 
able for test, coupling can usually be 
determined most satisfactorily by a di- 
rect measurement of induction at the 
fundamental frequency, or by measuring 
the induction into short temporary 
ground-return circuits (probe wires). 
For situations in which such measure- 
ments cannot easily be made, develop- 
ment work on a d-c method of determin- 
ing earth resistivity, using simple, readily 
portable apparatus has had promising 
preliminary results. It is expected that a 
report covering this and other methods 
will be available before long. 

The development of vacuum-tube volt- 
meters of high sensitivity has been of 
value in connection with coupling meas- 
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Figure 5. Diagrams to illustrate application 
of telephone open-space protectors 


urements where one circuit is energized 
with a small current and the voltage in- 
duced in paralleling exploring wires is to 
be measured. 


Susceptiveness 


As pointed out in the Conwell-Warren 
paper,’ the effects of low-frequency in- 
duction upon a communication circuit 
depend upon the magnitude and duration 
of the induction. They include service 
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interruption due to protector operation, 
damage to plant, the possibility of acous- 
tic or electric‘.44 shock, false signaling, 
and telegraph-signal distortion. Some of 
these effects, such as interference with 
signaling, may occur at induced voltages 
below the protector breakdown value. 
However, the more serious effects from 
low-frequency induction are usually as- 
sociated with induced voltages sufficient 
to operate protectors. 

An interruption to service results from 
permanent grounding of protectors, which 
occurs if the discharge current through 
the protector is not promptly extin- 
guished, or if this current is very high. 
Protectors are employed as required for 
the protection of persons, equipment, or 
property, as at central offices, stations, 
etc. A simple diagram to illustrate the 
application is given in figure 54. Where 
the circuit is in open wire and entrance 
cable is involved, an additional set of 
protectors is placed at the junction of the 
open wire and the entrance cable, as 
shown in figure 5B, to protect the cable. 
The protectors designed for location near 
terminal equipment usually consist of 
carbon blocks with a separation of three 
mils between blocks. Protectors used at 
the end of the cable are similar carbon 
blocks with about six-mil spacing. Use is 
also made occasionally for special pur- 
poses of a similar protector with ten-mil 
spacing. 

The behavior of a protector of this 
type, particularly where the spacing is as 
close as three mils, depends upon a num- 
ber of factors. Purely for illustrative 
purposes, figure 6 has been prepared from 
laboratory test data taken at 60 cycles. 
It shows the breakdown voltage distri- 
bution for a sample run of new three- 
mil blocks under certain specific condi- 
tions as to duration of test voltage and 
impedance of the test circuit. These 
factors, and also the number of operations 
to which the blocks have previously been 
subjected, affect the breakdown voltage 
characteristic as well as the ability of the 
protector blocks to withstand discharges 
without becoming short-circuited. 

When induced voltages sufficiently 
high to break down the protectors are 
impressed upon the gaps on the two sides 
of the line to ground, there is a certain 
amount of dissymmetry in the resulting 
arc voltages across these two gaps. This 
sets up current through the receiver 
which may cause acoustic shock to the 
person using the receiver. 

Voltages which might affect telephone 
linemen in the course of their work are 
voltages from wire to nearby grounded 
objects, and voltages between one wire 
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grounded at nearby or distant points. 

The reactions upon the subject of this 
paper of progress in the electrical com- 
munication art in the past decade are 
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Figure 6. Breakdown characteristics of tele- 
phone open-space protectors—laboratory tests 
at 60 cycles 


less direct than those of advances in the 


_ power industry, reviewed above. On the 


other hand, in the development of specific 
remedial devices for low-frequency in- 
duction situations, much has been done 
with regard to measures for use in com- 
munication systems. The effects of 
trends in the communication art and de- 
velopments in communication system 
remedial measures will be discussed in 
succession. 


NEw TELEPHONE CARRIER SYSTEMS 


The principal developments in wire 
telephone and telegraph transmission 
during the past few years have been to- 
ward increased use of carrier circuits. 

With the availability of a system which 
permits the use of wider frequency bands 
and correspondingly more carrier channels 
on open-wire lines,# some open-wire 
routes can be economically developed for 
larger numbers of circuits instead of 
being replaced by cable. 

In existing toll cables, the application 
of carrier transmission makes increases 
possible in the number of channels per 
sheath, which is bringing about a tend- 
ency toward smaller physical dimensions 
for new toll cables. This in turn means 
that the shielding against low-frequency 
longitudinal induction would tend to be 
diminished unless counteracted by de- 
liberate increases in the sheath dimen- 
sions. Shielding effects exerted on each 
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other by cables in close proximity, which 
depend essentially on the total conduct- 
ance of all the sheaths, would be reduced 
by a reduction in either the size or the 
number of cables. 

While these developments in carrier 
telephony, of which the coaxial cable‘ 
is the most recent, present new features, 


principally in connection with shielding, 


they do not change the nature of the 
technical problem in an essential way. 
An increase in the number of communi- 
cation channels per physical pair of wires, 
and in the number of channels along a 
given route, of course emphasizes the 
desirability of protecting the system from 
disturbance. However, low-frequency 
induction, in this respect, does not stand 
on a different footing from other possible 
sources of disturbance, aside from limita- 
tions which may be encountered in the 
application of specific remedial measures, 
such as relay protectors, to the telephone 
line. 


SIGNALING 


Increasing use is being made of re- 
cently developed d-c signaling systems, 
composited or simplexed in a manner 
similar to superposed telegraph, for 
through supervision and dialing on both 
local and toll trunks. These systems are 
provided with terminal equipment for 
neutralizing longitudinally induced volt- 


age or ground potential, the functioning - 


of which requires that it be connected to 
a conductor exposed to the voltage to be 
neutralized. For this purpose, one wire 
of the pair, or in the case of a phantom 
group, one wire of the group, is used. 
This normally leaves one wire for each 
trunk for dialing or supervision. While 
this arrangement reduces the susceptive- 
ness of the system, there have been some 
cases in which the neutralization was ap- 
parently insufficient to take care of low- 
frequency induction under normal oper- 
ating power-circuit conditions. This 
matter is under investigation. 

Induction from power-system voltages 
under normal operating conditions suf- 
ficient to disturb grounded party-line 
ringers has also been experienced in some 
cases of exposure to rural power circuits 
consisting of a single phase-wire and 
multigrounded neutral. A ringing system 
has been developed, and is in some use, 
employing cold-cathode gas-discharge 
tubes to keep the circuit free of ringing 
grounds except when the tubes are oper- 
ated, as by ringing voltage. Inits present 
form, however, this arrangement would 
frequently be ineffective against induction 
from rural-line exposures, of the type just 
mentioned, since the tube operating volt- 
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ages must be held within magnitudes 
adapted to satisfactory operation of ring- 
ing systems. ) 
Considerable work has recently been 
done and is continuing on the general 
question of the susceptiveness of tele- 
phone equipment, particularly equip- 


_ment for signaling and supervisory pur- 


poses, to low-frequency induction. 


TELEPHONE PROTECTORS 


Development work is in progress in 
connection with the protectors used at 
stations and at junctions of open-wire and 
cable, particularly study of the possi- 
bilities of material having a nonlinear 
resistance-voltage characteristic. While 
some of these materials appear to be 
valuable for special purposes, the studies 
have not thus far resulted in any device 
that seems likely to replace the present 
protector for general application. As 
has been noted in a recent paper,“ a 
3,000-volt carbon electrode gap has been 
developed for use as a specific measure in 
cases of joint use at the higher voltages. 


RELAY PROTECTORS 


Relay protectors installed at terminals 
or at the junctions of open-wire lines and 
cables greatly reduce the probability of 
permanent protector grounding, and also 
minimize acoustic disturbance in the 
communication circuits. In addition, 
relay protectors installed along the line 
minimize the possibility of electric shock 
to linemen by reducing potential to 
ground throughout the entire line. The 
operation of relay protectors of course 
results in an interruption to the communi- 
cation circuits for the duration of the dis- 
turbance. 

The multigrounding type of relay pro- 
tector operates so as to ground all wires 
of a telephone line at the point where the 
apparatus is installed when the voltage 
to ground at that point rises sufficiently 
to operate any one of the open-space 
protectors associated with the installa- 
tion. The discharge of current through 
any one or more of the open-space pro- 
tectors operates a master relay, which 
operates the relays associated with each 
protector. These individual relays each 
short-circuit the associated protector gap 
and prevent permanent grounding. The 
improvements over the earlier equip- 
ment have been (a) substitution of an 
a-c master relay, in series with a saturat- 
ing transformer, for the earlier combina- 
tion of rectifier and d-c relay; (b) speed- 
ing up of operation, which is now com- 
pleted in about 0.025 second; (c) increase 
in current-carrying capacity of the short- 
circuiting relay contacts; (d) increase in 
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minimum release current (master relay) ; 
(e) increase in capacity of master relay to 
absorb heat without damage. For rela- 
tively rare situations, in which the master 
relay may be held up by normal induction 
after the power-line fault causing its 
operation has cleared, means may be 
provided for opening all the short-cir- 
cuiting relay contacts after a suitable 
interval, these contacts reclosing quickly 
if the fault condition should prove not to 
have cleared. 

In addition to this ‘“multigrounding”’ 
type of relay protector, a “unit type”, 
applicable to a single pair of wires only, 
has been developed. It is used princi- 
pally at points where protectors of the 
ordinary type would be subject to fre- 
quent grounding and where, because the 
location is remote, maintenance would be 
delayed or expensive. 


NEUTRALIZING TRANSFORMERS 


Neutralizing transformers installed 
along a communication line provide 
counter electromotive forces against in- 
duced longitudinal voltages, and permit 
the line to operate normally through in- 
ductive disturbances. A type of trans- 
former for neutralization on voice-fre- 
quency toll circuits has been developed 
and has proved satisfactory in a service 
trial, where 12 were used in series in two 
inductive exposures totaling about 50 
miles in length. Each transformer is 
wound with 24 secondary wires. The 
primary, consisting of two telephone 
wires, is grounded at each end of the ex- 
posure and between each two consecutive 
transformers. This trial installation 
proved satisfactory both in connection 
with neutralizing induced voltages and 
in meeting the circuit transmission re- 
quirements under normal operation. Ad- 
ditional installations have not been 
made as other means have offered more 
economical over-all solutions of specific 
cases. Further development work would 
be required to produce a transformer 
adequate for circuits over which carrier 
frequencies are transmitted. 

A unit-type neutralizing transformer, to 
take care of a single circuit, has also been 
developed. This device consists of a 
single primary winding with two second- 
ary wires. Where more than a single 
circuit is involved, a number of units can 
be used with the primaries in parallel. 
An important application of this device 
is in connection with maintaining unin- 
terrupted communication service to power 
stations or substations, at times of power 
disturbances which cause large rises in 
the potentials of station grounds with 
respect to distant points.° Two sizes 
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are in use, one for 4,000 and one for 2,000 
volts (60 cycles). Frequently use can be 
made of a cable sheath for the primary or 
part of it. These transformers are now in 
operation in a number of places. 


Acoustic DISTURBANCES 


The copper-oxide rectifying element? 
has superseded the earlier combination 
of step-up transformer and protector 
gap as a means of reducing acoustic dis- 
turbances to telephone operators. Tests 
and operating experience have shown 
that the copper-oxide element is about 
as effective as a reducer, and has no net 
effective transmission loss. It is smaller 
and lighter than the earlier type and the 
indications are that it will have a satis- 
factory service life in use at central 
offices. 

In circuits with telephone repeaters, 
the nonlinear characteristics of the 
vacuum tubes cause the tubes to function 
as devices for limiting acoustic disturb- 
ances. A study of the quantitative rela- 
tionships has been made, including de- 
termination of the factors to be taken 
into account in order to realize as fully 
as practicable the power-limiting possi- 
bilities.*? 


Conclusion 


The foregoing review will have shown, 
it is believed, that the net result of de- 
velopment of the past ten years has been 
favorable to low-frequency inductive 
co-ordination. Over-all improvement has 
in fact occurred, and has accompanied 
a growth in the power and telephone in- 
dustries which, though less than expected 
ten years ago, has not been inconsider- 
able. It is estimated that in the decade 
increases in the neighborhood of 30 per 
cent have taken place in power generating 
capacity and in mileage of transmission 
circuit in the range from 22 to 66 kv. 
In the Bell System, telephone toll circuit 
mileage has increased some 22 per cent 
and telephone stations about 7 per cent. 

In an important degree, the contribu- 
tion of the Joint D. & R. Subcommittee 
to this favorable result has been due 
to the assistance it has received from 
operating power and telephone com- 
panies. This helpful relationship will, 
it is hoped, continue in the working 
out of the problems that remain and the 
new ones to be expected from future 
growth and development. 


Summary 


We recapitulate here principal develop- 
ments of the past decade in the problem 
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of low-frequency induction, with remarks 
on the resulting present status and future 
plans for study of different phases of the 
problem. 


GENERAL 


1. Studies of effects in actual low-fre- 
quency inductive exposures have been 
useful in developing general procedural 
methods, but have indicated the need of 
further work on certain items, with reference 
particularly to facilitating the appraisal of 
proposed situations in advance of construc- 
tion. 


INFLUENCE 


2. In the calculation of residual currents, 
the more important gaps have been filled 
by the experimental determinations of the 
impedance of ground-faults on operating 
systems, and of the impedances and ad- 
mittances of lines (especially cables). 


3. In residual-current limitation, probably 
the most interesting development is the 
installation, within the last three years, of 
about 30 Petersen coils. The Petersen 
coil generally limits residual currents to 
small values. Little or no change in the 
status of other methods of fault-current 
limitation has taken place. As heretofore, 
the application of fault-current limitation 
is primarily a matter of its reaction on 
power-system operation, although develop- 
ments have somewhat simplified this ques- 
tion, 


4, Frequency of occurrence of ground 
faults has been reduced by improvements 
in the insulation of power lines, including 
improved ground-wire application and fea- 
tures of structural design. In the reduc- 
tion of duration of ground faults, the pro- 
tector tube is probably the most important 
development from the standpoint of low- 
frequency induction. Others are increased 
speed of circuit-breaker operation, including 
high-speed relaying and closely simultane- 
ous clearances at both ends of the faulted 
line section, and (except for permanent 
faults) the Petersen coil. 


These developments have had a definitely 
favorable reaction on low-frequency in- 
ductive co-ordination, although it is im- 
practicable to ascertain the extent of this, 
taking the country as a whole. 


COUPLING AND SHIELDING 


5. The theory of the mutual impedances 
of ground-return circuits has been extended 
to cover circuits of arbitrary lengths and 
contours, and now includes also certain 
types of heterogeneous earth structure, 
Some further work is desirable in simplify- 
ing the engineering application of the theory 
to types of problems which may be encoun- 
tered. 


6. Coupling tests should be made before 
final decision in important cases. De- 
velopment work has cheapened and simpli- 
fied field testing methods and apparatus, 
and is continuing. 


fod 


7. Methods and data for calculating re- 
ductions in longitudinally induced voltages 
resulting from shielding currents in usual 
types of shielding structures have been pub- 
lished. In the case of telephone cables, 
the voltage between conductors and sheath 
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‘(as contrasted with longitudinally induced 
voltage) is of interest, and in long cables, 
shielding by currents in the conductors as 
well as by those in the sheath is important. 
These matters are currently receiving atten- 
tion. 


8. Shielding by currents in conductors 
which become grounded through protector 
operation is difficult to estimate, although it 
has frequently been found to be of consider- 
able importance. Additional investigations 
of this factor are to be carried out. 


SUSCEPTIVENESS 


9. Possibilities of using toll cables of rela- 
tively small physical dimensions, and of 
new structural designs, presented by de- 
_ velopments in the application of carrier to 
_ cables, require consideration of changes in 
the inherent shielding afforded by the cable 
structure. These and allied questions may 
continue to require study for some time. 


10. The use of composited d-c toll-line 
dialing and through-supervision systems is 
increasing. Inclusion in these systems of 
arrangements for neutralizing induced volt- 
ages reduces their susceptiveness to low- 
frequency induction, although further study 
of inductive co-ordination with these and 
other signaling systems is needed. 


11. Development work on the relay pro- 
tector has been substantially completed. 
This device has had a good record in use as 
a specific measure of co-ordination. 


12. Two types of neutralizing transformers 
have been developed. One, for neutralizing 
ground potentials on communication lines 
serving power stations, is being successfully 
used in practice. The other, designed for 
toll-line use, proved satisfactory in field 
trial, but the probable field of use is small. 


18. A copper-oxide device for reducing 
acoustic disturbances has been developed 
for use at operators’ positions. Experience 
indicates that it is generally satisfactory. 
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Discussion 


L. F. Roehmann (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
The authors gave an excellent review of the 
progress in the art of low-frequency induc- 
tive co-ordination which has been realized 
in this country during the past decade. It 
might be appropriate to add that during 
that interval substantial work has been done 
on the other side of the Atlantic also. 

In 1926 and 1930, the CCIF issued ‘‘Guid- 
ing Principles Concerning the Means for 
Protecting Telephone Lines Against the 
Adverse Effects of High-Current or High- 
Voltage Lines.’’ Last year, an entirely new 
edition has been published (‘‘Guiding Princi- 
ples Concerning the Protection of Telecom- 
munication Lines Against the Adverse 
Effects of Industrial Power Lines’’). This 
publication, containing 150-odd pages, is 
an up-to-date textbook on inductive co- 
ordination rather than just a set of recom- 
mendations. It climaxes the co-operative 
efforts of the International Mixed Com- 
mission for the Study of Inductive Inter- 
ference, the CCIF, and a number of other 
international groups and _ organizations. 
Power and communication engineers of 
France, England, Germany, Switzerland, 
Sweden, and many other countries contrib- 
uted to its setting-up. 

The publication is written in French but 
an English translation has been prepared. 
While many of the minor details are different 
in the two hemispheres, the basic concep- 
tions are of course the same. 


J. W. Milnor (The Western Union Tele- 
graph Company, New York, N. Y.): This 
paper discloses a very healthy condition 
in the development of low-frequency induc- 
tive co-ordination. A comparison with 
that presented in 1931 by Messrs. Conwell 
and Warren makes it evident that the past 
ten years have produced few actual changes 
in the basic method of attack; instead 
there has been a continuous advance in the 
knowledge of the problem, of the mathe- 
matics which represents the variable condi- 
tions,,and of the apparatus and equipment 
necessary to provide the desired safety and 
stability of service. 

The scope of the discussion is so broad 
that within the necessary space limitations 
the authors have been able to describe only 
the most prominent advances. Fortunately 
there is included a bibliography which in it- 
self is an index of the extent of the progress, 
and which should be of much value to the 
reader who desires more intimate knowledge 
of any phase of the problem. 

The authors have dealt chiefly with the 
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A Precision Rotating Standard for the | 


Measurement 
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HE accuracy with which electrical 

energy is metered is dependent upon 
the apparent measured value of the 
kilowatt-hour used. Quite independent 
of the electrical operating characteristics 
of the watt-hour meters used or the ac- 
curacy limits within which they are ad- 
justed, the average accuracy of a group 
of watt-hour meters is directly affected 
by the difference between the value of the 
kilowatt-hour used and the true value. 

The apparatus used to derive the unit 
while satisfactory for reference does not 
lend itselt to practical use in the check- 
ing and calibrating of watt-hour meters 
in commercial installations. Specially de- 
signed and compensated induction-type 
watt-hour meters, which are calibrated 
in the laboratory approximately as out- 
lined in table I, have long been used as 
commercial working standards. These 
watt-hour meters are known as portable 
standard watt-hour meters and have 
been developed toa high degree. In fact, 
so well do they perform that an improve- 
ment in the method of standardizing 
them is justified. 

It is the purpose of this paper to de- 
scribe an improved system for maintain- 
ing the value of the kilowatt-hour to be 
used primarily for the calibrating and 
checking of portable standard watt-hour 
meters. 


Analysis of Errors in Method of 
Checking Rotating Standards 


Table I shows the limits of probable 
error present in the various steps of a 
particular system. It is evident that all 
of the values given in table I couid add 
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up to be (+) or could add up to be (—) 
if a sufficiently large number of checks 
were taken. The probability of either 
of these two conditions occurring is much 
less than is the probability of some 
steps compensating others due to dif- 
ferences in the sign of the errors. Should 
all errors add (+) the result would be 


PERCENTAGE OF TOTAL NUMBER OF CHECKS 


Figure 1. Absolute error in per cent 


a +0.245 per cent variation, and if all 
(—), a —0.245 per cent error. It is 
important, therefore, to obtain some idea 
of the most likely way the error of the 
various steps will combine to determine 
what over-all accuracy is to be expected. 
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transient low-frequency interference which 
occurs particularly at times of fault condi- 
tions in the power system. They have per- 
haps underemphasized the continuous in- 
terference which may occur during normal 
power operation, and which often has serious 
effects especially to high-speed telegraph 
circuits, although it is rarely damaging to 
the telephone. 


J. O’R. Coleman: Mr, Trueblood and I 
greatly appreciate L. J. Roehmann’s re- 
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marks regarding the report of the Comite 
Consultatif International Telephonique. 
The English edition of the report of the 
llth Plenary Meeting held in Copenhagen, 
was published in 1938 by the International 
Standard Electric Corporation, and contains 
considerable interesting information. Due 
to the many different conditions existing in 
European practice, technical, economic, and 
social, we do not feel that in general the 
work of the CCIF can be directly applied to 
American practice, although many of the 
technical findings are useful. 
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Consider a theoretical distribution 
curve, figure 1, and for the purpose of 
illustration let the abscissa represent 
a system of errors similar to table I. 
To avoid confusion the error limits have 
been designated +a. If a large number 
_ of checks are made, figure 1 will represent 
a plot of the results. The tests showing 
) tie error will be the most frequent, but 


the extreme errors will occur in a small 
percentage of the readings when the com- 
_ ponent errors have the same sign. 
The technician must realize that with 
a small number of readings the average 
value may not be a fair one. If it 
_ should occur that in five readings a high 
(+) error is obtained with four smaller 
(+) errors, the average would be (+) and 
would depart appreciably from the ab- 
solute value. It is important that a 
sufficiently large number of readings be 
taken to show up the individual readings 
with large variations from the mean. 
As the total area under the curve, figure 
1, represents all of the readings, half of the 
area will represent half the total number 
of readings. The areas A, B, C, and D 
have been divided to make each equal to 
one-fourth the totalarea (B+C=A+D). 
The abscissa of B is —a’ and of C is 


+a’. The combined areas B+C repre- 
sent half the total number of readings, 
and it is, therefore, reasonable to state 
that one-half of the readings taken are 
probably within the area B+C and are 
therefore, within +e’, This value of 
the abscissa (+ «’) will be referred to as 
the probable error. 


Precision Rotating 
Standards Method 


The schematic diagram shown in 
figure 2 gives the circuit and essential 
elements of a system of three precision 
rotating standards. This system is ca- 
pable of maintaining a high degree of ac- 
curacy. It will first be described in its 
component parts and then its method of 
operation, together with actual per- 
formance data, will be given. 


A. RovraTInG STANDARDS 


The rotating standards shown in figure 
3 are used as the measuring elements. 
These were made by taking a commercial 
portable standard watt-hour meter, re- 
moving the register, and rewinding the 
current coils for a five-ampere current 
rating only. 


Table | 


The standards were removed from their 
cases and mounted as shown in figure 
4 in a walnut case. Incandescent- 
lamp housings and lens systems were 
mounted above the meters and photo- 
electric cells in suitable housings were 
mounted below the case. Glass windows 
were provided in the top and bottom of 
the case to allow the light from the light 
sources to be focused through a small 
hole in the meter disk onto the photo- 
electric cell below. The case was com- 
pletely sealed against dust and mounted 
on a vibration-free concrete wall in a 
(22 degrees centigrade) controlled-tem- 
perature room. Each rotating standard 
was carefully compensated for both unity 
and 0.5 power-factor lagging temperature 
errors (class I and class II errors).? 

Each rotating standard, together with 
its light source and photoelectric cell, 
is considered as a unit having no func- 
tional relation with the other two. For 
the purpose of identification these will be 
called precision rotating standards num- 
bers 1, 2, and 3. 


B. TRANSFORMERS 


The standards were designed for 120 
volts and five amperes, but a high- 


Step 


Fundamental Measuring Circuit and 


Type of Measurement 


Source of Error Limit of Error 


1—Error in the standard cell +0.01 
Figure A—Potentiometric method of main- 2—Error in balancing cell +0.01 
taining a voltage 38—Error in resistance arms +0.01 
A—Potentiometric method of maintaining Figure B—Voltage multiplier method of main- 4—Error in multiplier +0.01 
voltage and current from a standard cell taining a standardized test voltage Total maximum error for sources 1, 2, 3, 4 +0.04 
using a voltage multiplier and shunt Figure C—Shunt method of maintaining a 5—Error in shunt +0.01 
standardized test current Total maximum error for sources 1, 2, 3, 5 +0.04 
Total maximum error +0,80 
Figure D—Potentiometric method of cali- 1—Holding deflection of wattmeter at scale 
brating a dynamometer wattmeter on direct point +=0.02 
current | 2—Holding voltage +0.01 
B—Calibration of dynamometer wattmeter 38—Error in voltage value step A +0.04 
on direct current 4—Error in current value step A +0.04 
Total maximum error +0.11 
1—Holding wattmeter setting (load varying) +0.04 
Figure E—D-c to a-c dynamometer watt- 2—FError in checking wattmeter step B +0,11 
meter transfer 1 3—Change in wattmeter calibration from 
i check value +0.03 
Figure F—Time element of power equation 
. . . KhX N X3,600 
— i - att-h ee ee 
C—Calibration of induction-type wa our ire = ; nee ihcitis xe nee) Ae 
“oa W = meter watts 5—Error in measuring chronograph sheet +£0.01 
Kh = meter disk constant 6—Error in timing mechanism +(0).005 
N = revolutions 
t = time (seconds) { 
Total maximum error +(0.24 
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Figure2. Precision rotating standards 
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120 VOLTS 
3 PHASES 0 
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accuracy current transformer having a 
Mumetal core is used to allow the stand- 
ards to operate at five amperes under all 
test conditions. The ratios available 
are shown under B in figure 2 and allow 
for all points required for the commercial 
checking of portable rotating standards. 
The current transformer has a ratio 
error within 0.04 per cent on all coils 
and a phase angle error within one 
minute on all coils. 

A potential transformer is provided 
for 240-volt operation. 

Not only are the transformers designed 
for low inherent errors, but they are con- 
sidered as an integral part of the precision 
rotating standard circuits and all cali- 
brations made in accordance with table 
I are made on the combination. This 
method of calibration was employed using 
instruments for all current ratings to 
check the meter and transformer com- 
bination. Although the ratio and phase- 
angle errors were determined for the 
transformers, they were not used in 
arriving at the calibration of the stand- 
ards. 


C. PHOTOELECTRIC-CELL TESTING 
RELAY CIRCUIT AND AUXILIARY 
SWITCHING 


A photoelectric-cell amplifier, figure 2, 
is provided which operates a counter 
circuit which can be preset to energize 
through the potential relay the potential 
circuit of one or more portable standard 
watt-hour meters and to keep the poten- 
tial circuit or circuits energized for the 
preset number of revolutions of the pre- 
cision rotating standard. 
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STANDARD 
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A—Three special /B standards mounted in 
dust-tight case, special 0.060-inch hole in 
disks for light shutter 
B—Current transformers, ratios 1:0.2, 0.25, 
1, 2, 2.5, 10; tap chosen by jumper 
C—Potential transformer, 2:1, connected by 
jumpers 
D—Potential transformer, 1:2, connected by 
100-ampere switch (for low contact resistance) 
E—100-ampere switch for phase selection 

F—Voltage regulator 


By means of a suitable switch, precision 
rotating standard number 1, number 2, or 
number 3 may be used to control the port- 
able standard watt-hour meters under 
test. The repeatability of the relays 
and photoelectric circuit is in the order of 
+(.01 per cent for ten revolutions. The 
precision rotating standard being used 
runs at the selected load continuously 
and only the standard under test is started 
and stopped. 


Method of Use and Results 


Each of the three precision rotating 
standards is operated continuously when 
not being used for test work at two per 
cent of rated current and with rated 
potential applied. This eliminates any 
error due to potential-coil heating. 

The error in the calibration of each of 
the precision rotating standards is de- 
termined by repeated checks in accord- 


Figure 3. Precision 
rotating standards 
without case 
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ance with the steps shown in table I. 
At no time since the beginning has any 
change been made in the adjustments of 
any of the three standards. It is then 
desirable to cross-check the precision ro- 
tating standards in terms of one another 
using a portable standard watt-hour 
meter as the transfer medium. If the 
standard used for the transfer has a known 
history of calibration, it is valuable as a 
reference to show up any major changes 
in absolute values of any of the precision 
rotating standards. 

It would be desirable not to introduce 
the fourth standard for the purpose of 
intercomparison. It is possible to use 
one of the three precision rotating 
standards for this purpose, and this will 
eventually be done. The results of using 
a transfer have been quite satisfactory 
to date. 

Figure 5 shows the results of such an 
intercomparison over a period of five 
months for the five-ampere 120-volt load 
point operating at unity power factor. 
Precision rotating standard number 1 
is assumed to be correct and number 2 
and number 3 are plotted in terms of 
their deviation from number 1. 

The maximum variation in number 2 
from the original reading is +0.06 per 
cent and of number 3, —0.06 per cent 
over the five months’ period. Note that 
at the end of the period number 2 is 
+0.03 per cent above the original reading 
and number 3 is —0.01 per cent below 
its original reading. 

Figure 6 shows the same intercompari- 
son as figure 5 except that the load point 
used was 120 volts, five amperes, and 
power factor 0.5 lagging. It is to be 
expected that a greater variation will be 
obtained using this load due to other 
variables operating. For example, varia- 
tion in phase angle, wave form, frequency, 
and temperature are more effective in 


Figure 4. Precision rotating standards com- 
plete with light sources, photoelectric tubes, 
and precision current transformer adjacent 
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Figure 5. Intercomparison data on precision 


_ rotating standards corrected in terms of stand- 


ard number 1 


Five amperes, 120 volts, 60 cycles, unity power 
factor 


producing calibration change than at 
unity power factor. The maximum varia- 
tion of precision rotating standard num- 
ber 2 is +0.09 per cent and of precision 
rotating standard number 3, —0.12 per 
cent. At the end of the period, number 
2 is +0.06 per cent above the original 
reading and number 3 is +0.02 per cent 
above the original reading. No change 
in the adjustments were made at any 
time after the initial readings were 
taken. 

Figure 7 shows the results of 36 sepa- 
rate checks made over the five months’ 
period in accordance with table I. The 
most probable error in absolute calibra- 
tion is +0.04 per cent from the mean. 
The initial instrument check was assumed 
to be correct for the purpose of plotting 
the data in figure 7. It is evident that 
the initial point was low by —0.06 per 
cent and a better value of the absolute 
calibration is the peak ordinate or +0.06 
per cent above the initial reading. The 
distribution curve was drawn by first 
determining the mean and _ standard 
deviation for the results of the 36 checks 
and calculating the ideal curve to fit the 
data. 

Certainly, these standards are running 
together within far closer limits than 
any single instrument check can be relied 
upon to reveal. This is, however, the 
ideal condition for obtaining the true 
mean value in accordance with table I. 
If the precision rotating standards remain 
constant and the interchecks reveal that 
they are, then their calibration will ap- 
proach the value of the maximum ordi- 
nate in figure 7. As all these standards 
were intercompared, figure 7 represents 
the instrument check on each of the 
standards. 

Should some factor influence all of the 
standards to drift at exactly the same 
rate, the intercheck would not reveal 
the drift. As continual periodic instru- 
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ment checks are obtained, curves similar 
to figure 7 can be plotted and compared 
one with another to show up this drift. 

The actual use of this method for check- 
ing portable standard watt-hour meters 
is evident. Each precision rotating 
standard has a definitely established 
calibration so that one revolution of the 
disk under a given load corresponds to a 
definite kilowatt-hour value. By placing 
the portable standard watt-hour meters 
to be checked as shown in figure 2, 
any one of the three precision rotating 
standards may be selected to deliver a 
given number of kilowatt-hours to them. 
The ratio of the reading of the individual 
portable standard to the known value of 
the precision rotating standard is a meas- 
ure of its accuracy. 

The average of the calibration obtained 
using each of the three precision stand- 
ards in turn to control the portable 
standard watt-hour meter or meters under 
test will give the highest precision. In 
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Figure 7. Curve of distribution of absolute 
error for repeated checks of precision rotating 
standards 


Five amperes, 120 volts, 60 cycles, unity power 
factor 


practice, however, the additional ac- 
curacy is not justified because of the 
additional time required. 

The high accuracy of the photoelectric 
testing system makes it necessary to 
take runs of no longer than 60 seconds 
for any given point. This greatly speeds 
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Figure 6, Intercomparison data on precision 
rotating standards corrected in terms of stand- 
ard number 1 


Five amperes, 120 volts, 60 cycles, 0.5 power 
factor lagging 


up the calibration check of the portable 
standard watt-hour meters. 


Conclusions 


1. It has been demonstrated that for 
the highest accuracy of calibration of port- 
able standard watt-hour meters using in- 
struments, a number of readings must be 
taken and properly weighted. 


2. A new system of precision rotating 
standards has been described that has high 
inherent accuracy together with fast opera- 
tion. 


38. With care it is entirely practical by 
the system described to insure the absolute 
accuracy of the kilowatt-hour used in check- 
ing standards to within 0.06 per cent at 
unity power factor loads and 0.12 per cent 
at 0.5-power-factor lagging loads. 
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Discussion 


George B. Schleicher (Philadelphia Electric 
Company, Philadelphia, Pa.): The authors 
are to be congratulated upon their contribu- 
tion to the important field of maintaining 
the accuracy of laboratory-standard watt- 
hour meters. The elimination of “‘start- 
and-stop” errors in the so-called master 
standard, by causing it to rotate continu- 
ously during the calibration, serves also to 
eliminate such errors from the working 
standards when their corrections are deter- 
mined by tests over the same intervals that 
are used in service. 
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i 
0.08 per cent in the watt-hour used in check- 


From a practical standpoint the limits of 
accuracy as covered in table I appear rather 
small. For example, holding a wattmeter 
setting within 4/100 per cent with varying 
load (table I, step C-1) would be a very 
difficult problem in the average utility 
laboratory where the source of energy 
supply is from a distribution system. In 
the calibration of standard watt-hour 
meters with wattmeters, manual control to 
maintain a constant load introduces a 
human element of error, and there is a need 
for an automatic means of obtaining con- 
stant wattage independent of voltage varia- 
tion. We have succeeded in accomplishing 
this, at least experimentally, by electronic 
meats. 

In the standard described by the authors, 
bearing friction is reduced by operating the 
standard only at full-load speeds, but pos- 
sibly further improvements can be made in 
this direction. While the magnetic sus- 
pension is not new, modern magnetic 
materials, as for example Alnico, have made 
possible the design and construction of 
practical meter bearings of this type. This 
construction may prove highly desirable for 


Figure 1. 


Enlarged view of magnetic suspen- 
sion on watt-hour meter 


The arrow points to the air gap which repre- 
sents the bearing surfaces 


service meters. Figure 1 of this discussion 
shows such a bearing developed by Walter 
C. Wagner of the Philadelphia Electric 
Company, and constructed of magnet mate- 
rials contributed at our request by the 
General Electric Company. In the figure 
the air gap indicated by the arrow shows a 
greatly enlarged view of the bearing. 
Meter-performance tests over extended 
periods show consistent results superior to 
those of pivot and jewel bearing construc- 
tion particularly at light load, thus permit- 
ting accurate performance to be maintained 
in standards and meters at lower operating 
speeds than with the conventional types of 
bearings. This type of suspension would 
undoubtedly further improve the uniformity 
of performance of the precision standards 
described by the authors. 


W. J. Seeley (Duke University, Durham, 
N. C.): I should like to ask a question 
which is old but the philosophy of which is 
quite intriguing. It may have been an- 
swered to the satisfaction of manufacturers 
long ago, but not enough information has 
been given in print to put at rest a question 
which comes up with fair regularity. It is 
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conceivable that by proper construction and 
adjustment the greater part of the weight 
of the rotor on the lower jewel may be re- 
moved by magnetic attraction, thus con- 
siderably reducing the friction loss. The 
question then is this: In an effort to reduce 
the rotation losses of your precision rotating 
standard, had you considered the possi- 
bility of reducing the weight of the rotor on 
the jewel by the use of a permanent magnet 
suspended just above the upper end of the 
shaft? 


Wm. M. Young (Ohio University, Athens): 
Of particular interest in this paper is table I 
giving assigned values to the various sources 
of error encountered in standardizing and 
calibrating rotating standard watt-hour 
meters. It is assumed that all measure- 
ments were made using sinusoidal waves of 
current and voltage and that the authors 
were not concerned with irregular wave 
forms, 

The question naturally arises as to 
whether or not the errors in the instrument 
check are inherent and whether they cannot 
be minimized by any standardizing labora- 
tory if the equipment is properly aged and 
maintained at a constant temperature and 
if repeated trials are made and the results 
plotted on a probability curve. Naturally 
any laboratory can, in this way, reduce the 
0.11 per cent accumulated error in the watt- 
meter’s calibration by using proper care. 

Might I ask the authors about the 0.03 
per cent error assigned in C-3 “change in 
wattmeter from check value’. Are there 
any data available on the accuracy of the 
determination of this error? Naturally it 
can be partially reduced if the time interval 
between checking the meter and using the 
meter for a watt-hour meter calibration is 
reduced to a minimum. 

It would seem that the greatest contribu- 
tion of this paper lies in the substitution of 


1. A machine-switching machine for a hand- 
switching machine. This naturally affects the 
magnitude of errors C-4, C-5, and C-6. They total, 
as indicated by the table, 0.065 per cent. 


2. Multiple standards cross-checked against each 
other in place of human observation for C-1. 


In figure 5 might I ask about the drift of 
the readings in rotating standards with 
time? It would seem that an aging effect 
might be here showing up and that the 
meters would eventually tend to stabilize 
at some constant error. 

In figure 7 might I ask why the point at 
0.05 per cent error was not used in the deter- 
mination of the probability curve? It 
would seem that more data should be taken 
before a good probability curve can be 
drawn and that results should not rely on 
merely 36 readings. 


A. E. Vivell (Princeton University, Prince- 
ton, N. J.): It is gratifying to see that 
the actual title of this paper describes the 
meter as a “precision”? meter and not as a 
“primary” standard as announced in the 
advance notices. It would be unfortunate 
to handicap such an excellent and interesting 
development with a misnomer. 

The calibration procedure described is 
most thorough and provides a very com- 
forting check on the constancy of these 
meters. However, the figures in table I 
seem to show a probable error of about 
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ing the rotating standard. It would seem, 
therefore, that the probable variation of 
0.04 per cent from the mean shown in 
figure 7 is somewhat low. An exceedingly 3 
slight change in only four of the calibration 
points (at 0 and +0.10 per cent) could make 
the curve much flatter. If the point at 
+0.05 per cent were taken into account the 
probable error would be increased to about | 
0.08 per cent and the theory of probability } 
restored to favor. 

This paper again brings home the fact 
that the measurement of a watt-hour is 
handicapped by the lack of a simple scheme 
of measurement. When the meter error 
becomes less than the error of the standard 
it is time to work for better standards. It. 
would be interesting to know if the authors 
have considered trying to improve their 
watt-hour by means of some other scheme 
of calibration; for example, a calorimeter or 
some other energy device. 


A. Hansen, Jr.: An analysis of the discus- 
sions of our paper reveals four general points 
of comment: first, the limits of errors shown 
in table I; second, the manner in which our 
data were handled and the derivation of the 
probability curve shown in figure 7; third, 
bearing considerations; and fourth, the 
apparent better accuracy of the watt-hour 
meter than the calibrating standards. 

The values shown in table I represent the 
results obtainable with extremely careful 
control of each step starting with the stand- 
ard voltaic cell. Special sources of power 
of as constant regulation as possible are 
used without the use of electronic regulators. 
The authors feel that the values shown are 
representative for the method, and are the 
result of a number of years of experience. 

An automatic device for holding load 
might be applied to some advantage in the 
system described. Up to the present time, 
however, the authors have had no experi- 
ence with such a device. 

The authors recognize the fact that in- 
sufficient data were obtained to fix positively 
error magnitudes. It was the purpose of 
the paper to describe a method and a system 
of arriving at a precise value of the watt- 
hour. 

The probability curve in figure 7 was 
plotted considering all calibration values 
and is not sketched in from the grouped 
data plotted but was calculated from the 
actual data. 

Inasmuch as the precision rotating stand- 
ards rotate continuously at full-load speed 
for all check points, the variations due to 
bearing friction are practically negligible, 
A magnetic-suspension type bearing is an 
interesting device in view of the new mag- 
netic materials available. 

At the present time no practical way of 
obtaining the value of the watt-hour is 
known to the authors that is basically dif- 
ferent from the method outlined in table I. 
Energy-equivalent methods have been ex- 
perimented with such as the calorimeter. 
The difficulty in using the calorimeter is not 
with measuring the heat values, but in 
determining the correction for heat loss. 

In conclusion, the authors wish to express 
their -appreciation for the very excellent 
criticisms they have received and hope that 
all questions have been satisfactorily an- 
swered. 


ELECTRICAL ENGINEERING 


7? 


A 


} 
| 


I. W. GROSS 


MEMBER AIEE 


CO-OPERATIVE field investigation 
|: of the lightning currents discharged 
y arresters at stations was undertaken 
in 1936, by the engineering departments of 
the American Gas and Electric Service 
Corporation and the General Electric 
“Company. Data have previously been 
published on the currents discharged by 
distribution lightning arresters'23 but 
little information is available on the duty 
required of arresters located in stations, 
where considerable influence on incoming 
lightning waves may be produced by a 
large number of circuits connected to one 
bus, by the capacitance to grounded steel 
work in the station, by the more or less 
sheltered location of some stations, and 
by types of construction commonly used 
for transmission lines. 

The data so far obtained show that 
there are large variations in the number 
of arrester discharges from season to 
season, and that due to local conditions 
the duty on arresters is far more severe in 
some locations than others, making it 
dificult to arrive at a representative 
average. Hence the investigation is to be 
continued in order that the effects of 


Paper 40-59, recommended by the AIEE committee 
on protective devices, and presented at the AIEE 
winter convention, New York, N. Y., January 22-— 


26, 1940. Manuscript submitted November 24, 
1939; made available for preprinting January 3, 
1940; released for final publication February 28, 
1940. 


I. W. Gross is research engineer, American Gas and 
Electric Service Corporation, New York, N. Y.; 
W. A. McMorarts is in the lightning-arrester engi- 
neering department of the General Electric Com- 
pany, Pittsfield, Mass. 


A large number of people in several organizations 
have contributed to make an investigation of this 
type possible and to correlate the data in suitable 
form for presentation. The authors wish to express 
their appreciation to the Ohio Power Company, the 
Appalachian Electric Power Company, the Atlantic 
City Electric Company, and the Indiana and Michi- 
gan Electric Company, where the field work was 
done; and to those in the Engineering Departments 
of the General Electric Company and the American 
Gas and Electric Service Corporation who super- 
vised the work and analyzed the records. Acknowl- 
edgment is made to the helpful assistance of George 
D. Lippert of the American Gas and Electric Service 
Corporation for correlating the records on which the 
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properties; the Ohio Power Company in 
Ohio, the Appalachian Electric Power 
Company in Virginia, the Atlantic City 
Electric Company in New Jersey, and 
the Indiana and Michigan Electric Com- 
pany in Indiana. This diversified ter- 
ritory provided an opportunity for study- 
ing lightning conditions as affecting ar- 
resters, on properties employing different 
practices, and with isokeraunic levels 
varying from 27 to 45 thunderstorm days 
per year. 

Measurements of arrester discharge 
currents were made with surge-crest- 
ammeter links mounted on each leg of 
each three-pole arrester, in a straight part 
of the conductor between the arrester and 
the line. Typical field installations are 
shown in figures 1, 2, and 3. Links were 
serviced approximately every two weeks 
during the lightning season for four years, 
and any which indicated that current had 
passed through the arrester were removed 
for calibration and replaced with demag- 
netized links. The magnetized links 
were checked in the field in some cases, 
but received a final calibration at the 
Pittsfield works of the General Electric 
Company. 

The current measuring installations are 
listed in table I, where they are grouped 
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these factors may be better determined. 
Some redistribution of field installations 
may be made to provide more information 
on points where the data have been 
meager, 


Scope and Conduct of Investigation 


In this investigation the field work was 
carried on for four years (1936-1939) on 
four American Gas and Electric Company 


Figure 1. Wooden bracket supporting two 
surge-crest-ammeter links on lead to lightning 
arrester 


Field servicing of surge-crest-am- 
meter links on Thyrite lightning arrester on 132- 
ky energized circuit 


Figure 3. 


Figure 2. Surge-crest-ammeter link installa- 
tions on all three poles of 33-kv oxide-film 
lightning arrester 
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Number of Three-Pole Lightning Arresters Equipped With Surge-Crest-Ammeter 
Links, 1936 to 1939 Inclusive 
Neen eee een ee ee eS ae 


Number of Three-Pole Arresters Equipped With Surge-Crest- 
Ammeter Links 


according to several different classifica- Table I. 


tions. The installations were confined 
to arresters in stations only, and included 
arresters connected to lines where they 
entered the stations, arresters on or im- 


Type of Arresters or Connected weed 
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rents discharged by single-pole arresters 
were obtained during the four-year period, 
or 0.79 records per three-pole arrester per 
year. The maximum number of single- 


* Includes one two-pole arrester installation. ** Includes five two-pole arrester installations. 


Table II summarizes the number of Table Il. Number of Records Per Arrester 


pole records obtained during the four- 
year period on any one three-pole arrester 
was 29, and three other arresters yielded 
24 records each. 
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Figure 4. Current magnitude of recorded ar- 
rester discharges 


Curve shows per cent of discharges with cur- 
rent magnitude at least as great as indicated 
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records per arrester for the 85 three-pole 
arresters that remained in service during 
the entire four-year period. These were 
all on Ohio Power Company and Ap- 


During Four-Year Period, 1936-39 


Based on 344 Records From 85 Three-Pole 

Arresters Which Remained in Service During 

the Entire Four-Year Period, all on Ohio 

Power Company and Appalachian Electric 
Power Company Circuits 
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Figure 5. Comparison between magnitudes of 
positive and negative polarity discharges 


Curve shows per cent of discharges with cur- 
rent magnitude at least as great as indicated 
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palachian Electric Power Company cir- 
cuits, where the severity was above the 


average for the four operating compa- 
nies, 


* Including six 
arresters, 


installation-years on two-pole 
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Magnitude of Currents 


The highest individual arrester dis- 
charge current recorded was 15,000 am- 
peres, and 16 measurements or 3.5 per 
cent of the total were 5,000 amperes or 
more. Arresters at certain locations were 
subjected repeatedly to high discharge 
currents. 

In many cases there were sev- 
eral arresters in one station connected 
so that they could operate in parallel. 
The current which any one might have 
been called upon to discharge, in the 


Table Ill. 


absence of the others, may be estimated 
by adding together the currents recorded 
simultaneously in all of the arresters. 
The highest value obtained in this way 
for any one phase is 19,000 amperes. 
The current measurements obtained 
are summarized in table III, where the 
maximum, minimum, and the median 
current (the current exceeded in 50 per 
cent of the cases) are listed for several 
operating conditions, together with the 
number of current measurements and ar- 
rester installation-years upon which the 
values are based. Figure 4 shows how 


Summary of Recorded Arrester Discharge Currents, 1936 to 1939 Inclusive 


with regard to magnitude. 


Polarity of Currents 


The polarity of 401 records, or 87.6 per 
cent of the total, was negative, and of 58, 
or 12.4 per cent, was positive. This 
proportion is intermediate between the 
previously reported values of 63 per cent 
negative for distribution arrester dis- 
charge currents,! and 95 per cent nega- 
tive for lightning currents measured in 
steel tower legs of transmission lines.° 
In this investigation, the data do not 
show any recognizable effect of line con- 
struction, locality, or circuit voltage 
rating on the proportional numbers of 
negative and positive polarity records. 
Figure 5 shows that the distribution of the 
negative-polarity records with regard to 


Number of Number of Values of Discharge Currents current magnitude was substantially the 
Three-Pole Single-Pole in Amperes ae . 
Arrester- Discharges ——— — same as for positive-polarity records. 
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Figure 8. Effect of number of connected lines 
on magnitude of currents discharged by arrest- 
ers 


Curves show per cent of discharges with cur- 

rent magnitude at least as great as indicated, 

and include data only from stations with one 
arrester each 


raunic level for the former location was 
less than twice that for the latter. 
Among the several factors which may 
have contributed to this difference are 
the flashover values of the lines involved, 
height of conductors above ground, pres- 
ence of ground wires, and the frequency 
with which installations were inspected 
for magnetized links. However, when 
all known variables are taken into ac- 
count, it is evident that the number and 
magnitude of discharge currents is 
strongly influenced by local conditions 
which can be evaluated only by ex- 
perience over a period of several years. 
Therefore, it must be recognized that con- 
ditions may be encountered in service 
which are quite different from those re- 
ported here. 


Effect of Circuit Voltage 


The data were examined to determine 
the effect of variation in the rated operat- 
ing voltage on the severity of arrester 
discharge currents, but any consistent 
trend which may exist was obscured by 
other influences such as the effects of 
line construction and local conditions. 
It may be possible to evaluate this effect 
when more data are available. 


Effect of Line Construction 


Figure 7 and table III show that ar- 
resters connected to wood-pole lines 
without ground wires are subjected to 
considerably more severe duty than are 
arresters on other types of circuits, par- 
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Table IV. 


Multiphase Arrester Operations 


EE 


Type of Line Construction 


Number of Cases Involving: 


Three Phases 


One Phase Only Two Phases 


Steel towers, with ground wire...............+0e05 
Steel towers, no ground wire.............++++eees 
Wood poles, with ground wire..............+.+005 
Wood poles, no ground wire.............:++++--+; 
Mixediline constriction acumen ie neni annul aler 


Wood poles, no ground wires... ......15.4+.++5-%% 
Other three types of construction...... Bu iat yntereetecens 
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ticularly with regard to the number of 
high currents which they must discharge. 
They must pass currents of 5,000 amperes 
or more about ten times as often as other 
arresters. Less difference exists between 
the other types of construction included in 
figure 7. 


Effect of Multiple Circuits 


In figure 8 are shown the results ob- 
tained at stations operating with only one 
lightning arrester each. The curves, 
shown for cases where one, two, or 
three transmission lines enter the station, 
indicate that there is some reduction in 
the magnitude of currents which the ar- 
rester must discharge, as the number of 
lines is increased. Five per cent of the 
recorded arrester currents exceeded 6,000 
amperes where there was one line, 5,600 
amperes where there were two lines, and 
3,700 amperes where there were three 
lines. 

It is significant that of the 85 three-pole 
arresters included in table II, including 
many at stations with several arresters, 
over 50 per cent were at stations with four 
or more incoming lines; yet all of the 11 
arresters which produced ten or more 
records each were at stations with three 
lines or less. 


Multiphase Operations 
Data from all arresters involved in the 


investigation are summarized in table IV 


Figure 9. One-line 
diagram of 33-kv 
connections at New- 


comerstown substa- 

tion, Ohio Power ORES TERS 
Company 

Current of —450 

amperes recorded = 

on phase 2 of this 35 
arrester. All other ae 


records on phase 1 
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to show how many times records of dis- 
charge current were found on only one 
phase of a three-pole arrester, on two 
phases simultaneously, and on all three 
phases simultaneously. This table in- 
dicates that for wood-pole lines without 
ground wires, more than one phase was 
involved in about two-thirds of the 
cases, and for other types of construction, 
more than one phase was involved in 
only about one-third of the cases. For 
each type of construction the number of 
two-phase operations was approximately 
equal to the number of three-phase 
operations. 


Discharge of Arresters 
Connected in Parallel 


In some of the stations there was an 
arrester connected to each line where it 
entered the station, and additional arres- 
ters connected to the station bus or power 
transformers or both. The total number 
of three-pole arresters in any one station, 
so connected that they could operate 
directly in parallel, varied from one to ten. 
Data are presented in table V showing 
the number of times records of discharge 
currents were found simultaneously on 
several such arresters in one station, in- 
dicating that they probably discharged in 
parallel. 

The maximum number of arresters ap- 
parently discharging in parallel, was five, 
in a case where there were but five ar- 
resters in the station. Three arresters 
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3 Biietharyed 5 in parallel on three different 
occasions, with 4, 8, and 10 arresters 
respectively in the station, so connected 
that parallel operation was possible, 
Two arresters discharged in parallel on 
24 different occasions, involving the same 
two arresters in 10 cases. 

A case at a 33-kv substation is of par- 
_ ticularinterest. The circuit arrangement 
was as shown in figure 9. Circuits num- 
ber 2 and number 5 in this sketch were on 
wood poles and the remaining circuits 
were on steel towers. All had overhead 
) ground wires. A current of 11,000 am- 
_ peres was discharged by one pole of the 
arrester on circuit number 6. Simul- 
taneously a discharge of 5,200 amperes 
was recorded through the same phase of 
the arrester on circuit number 5, and one 
of 2,600 amperes was recorded through 
the same phase of the bus arrester. No 
discharges .were recorded. on the other 
phases of these arresters, and the only 
record obtained on the arresters on the 
other lines which were two, three, four, 
and five bays distant from the arrester 
which carried the heaviest current, was 
450 amperes on another phase of the 


arrester connected to circuit number 4. 
The curves of figure 10 show that the 
individual arrester currents discharged 
when two or more arresters discharge in 
parallel are in general higher than when 


only one of the parallel arresters dis- 
charges, 


Equipment Failures 


The only failure of lightning arresters 
included in the four-year investigation, 
involved one old-type arrester operating 
under compromise conditions on a 132-kv 
circuit, with the possibility of voltage 
being applied in excess of the manu- 
facturer’s rating. This application was 
made in an attempt to protect power 
transformers which were of an old design, 
with an impulse strength considerably 
below present-day standards. It there- 
fore appears that the arresters involved 
in the investigation have a discharge 
capacity adequate for discharges of the 
magnitude and duration which they ex- 
perienced. 

Five cases of bushing failure occurred. 
The bushings concerned were of an old 


Table V. Operation of Arresters Connected in Parallel 


Number of Cases in Four Years When Records of Discharge Were Found 


Number of Number of Simultaneously on: 
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* Includes five two-pole arresters. 


Table VI. 


Protection Given by Arrresters 


Assuming Two Circuits Connected to Bus, With Traveling Wave Entering on One 


Number of Discharges 


Number of Single-Pole 
Discharges Per Three- 


Recorded Pole Arrester Per Year 
Circuit Three- Maximum  Correspond- - - 
Voltage Pole Safe ing Discharge Unsafe Unsafe 
Rating, Arrester- Impulse, Current, Without Without 
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PER CENT OF DISCHARGES 


CREST KILOAMPERES 


Figure 10. Comparison of (A) discharge cur- 
rents in cases where two or more arresters dis- 
charged in parallel, with (B) cases where only 
one of several parallel arresters discharged 


Curves show per cent of discharges with cur- 
rent magnitude at least as great as indicated 


type, some ten or more years old, and due 
to the fact that all cases were internal 
bushing failures, it is believed they are 
chargeable to deterioration rather than 
lack of adequate protection. In one case 
the current through the arrester was 
12,000 amperes; in another case, 2,400 
amperes; and in three cases, no currents 
were indicated. It is interesting to note 
that in all five cases, the bushings which 
failed were of the order of 30 to 70 circuit 
feet from the nearest lightning arrester. 
Four of the bushings were rated and oper- 
ating at 33 kv and one at 22 kv. 

One bus-support flashover occurred on 
a 33-kv bus. This was of an old design, 
the electrical characteristics of which are 
unknown. 


Protection Given by Arresters 


The amount of benefit obtained from 
the arresters becomes apparent when cal- 
culations are made to show how many of 
the recorded disturbances would have 
resulted in voltages considered unsafe in 
the absence of arresters. In table VI, 
the values assumed for maximum safe 
impulse voltage are 80 per cent of the 
proposed AIEE and ASA _ standard 
chopped-wave impulse test voltages for 
new transformers. The corresponding 
arrester discharge current is calculated on 
a traveling wave basis, assuming one in- 
coming and one outgoing transmission 
line, with an arrester at the station. All 
discharges recorded on lines of the rating 
in question, with currents above the cal- 
culated value, are then considered to have 
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resulted from traveling waves which 
would have produced unsafe voltages in 
the absence of arresters. A mathe- 
matical analysis on this basis is not valid 
for the higher-current discharges resulting 
from direct strokes near the stations, in 
which case successive reflections of 
traveling waves must be taken into ac- 
count. Such waves would, however, 
almost surely be unsafe, and since the 
current magnitudes would likely be much 
higher than the values shown in table VI, 
the mathematical analysis would indicate 
them to be unsafe. 


The table shows that a considerable 
number of the recorded surges in the 
132-kv class, and nearly all of the recorded 
surges in lower-voltage classes would 
have been unsafe in the absence of ar- 
testers. The number of unsafe waves 
per three-pole arrester per year decreases 
progressively as system voltage is in- 
creased, ranging from 0.72 for 11-33 kv 
to 0.31 for 1382 kv. 


Note that the calculated values in 
table VI are based on the assumption 
that a traveling wave entered the station 
on one conductor only, and that there 
was a second three-phase line connected 
to the station bus to provide a path for 
an outgoing traveling wave. These as- 
sumptions were made to simplify the 
calculations, and appear to represent a 
fair approximation of the average con- 
ditions. For 7.4 per cent of the recorded 
discharges, dead-end circuits were in- 
volved, which would increase the severity 
as compared to that for the assumed con- 
ditions. For 75 per cent of the dis- 
charges, lightning currents entered the 
station over two or more conductors, 
which would also increase the severity. 
For 40 per cent of the discharges, there 
were more than two lines connected to 
the bus, which would reduce the severity. 


Conclusions 


1. The data obtained indicate that the 
number and magnitude of discharge cur- 
rents through arresters in stations is strongly 
influenced by local conditions and seasonal 
variations, and representative values can 
be determined only by experience over a 
period of several years. Therefore, condi- 
tions may be encountered in service which 
are quite different from those reported here. 


2. A total of 459 single-pole arrester dis- 
charge currents were recorded in a four- 
year investigation, on an average number 
of 145 three-pole arresters located in sta- 
tions. This is a rate of 0.79 single-pole dis- 
charges per three-pole arrester per year, 
which may be compared to the previously 
published rate of 0.51 discharges per single- 
pole arrester per year on rural distribution 
circuits, which have exposure somewhat 
comparable to transmission systems. 
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8. Additional discharges below the limit 
of current sensitivity of the recording ap- 
paratus probably occurred. Also in case 
of two or more discharges through any 
single-pole arrester between successive in- 
spections, only one current record would be 
obtained; hence discharges undoubtedly 
occurred without being recorded for this 
reason. 


4. One three-pole arrester yielded a total 
of 29 single-pole records during the four- 
year period, and three others yielded 24 
each. 


5. The highest discharge current recorded 
through one pole of an arrester was 15,000 
amperes. There is no reason for believing 
that this is the highest discharge current 
that can occur, and it is expected that as 
more data are accumulated, substantially 
higher currents will be recorded. 


6. Arresters at certain locations were sub- 
jected repeatedly to high discharge currents. 


7. Approximately 3.5 per cent of the ar- 
rester discharge currents were of 5,000 
amperes or more. 


8. The polarity of 87.6 per cent of the rec- 
ords was negative, and of 12.4 per cent was 
positive. The proportion of positive cur- 
rents was lower than previously obtained 
for distribution arrester discharge currents 
and higher than for lightning currents in 
steel tower legs of transmission lines. 


9. The difference in number of records 
obtained in different localities during the 
four-year period was as great as eight to one. 
An attempt to evaluate the factors that 
might have contributed to this difference, 
such as the number of thunderstorm days 
per year, types of line construction, line 
operating voltage, and the interval between 
inspections to locate magnetized links, did 
not account for this great a difference in 
severities. It is evident that the severity is 
influenced by the severity of the storms, 
including seasonal variations, and other 
local factors that can be determined only 
by experience, and cannot be accurately 
predicted on the basis of data obtained in 
other localities. 3 


10. Any consistent trend which may have 
existed in the severity of discharge cur- 
rents, as influenced by the circuit voltage 
rating, was obscured by the effects of other 
variables. It may be possible to evaluate 
this effect when more data are available. 


11. Arresters connected to wood-pole 
lines without ground wires were subjected 
to more high-current discharges than other 
arresters. Discharges of 5,000 amperes or 
more occurred about ten times as often as 
with other types of line construction. 


12. For arresters connected to wood-pole 
lines without ground wires, more than one 
pole of the arrester was involved in about 
two-thirds of the cases when discharges 
were recorded. For arresters connected to 
other types of lines, more than one pole of 
the arrester was involved in only about 
one-third of the cases. 


13. The data indicate that increasing the 
number of lines connected to a station bus 
decreases the magnitude of the current 
which any one lightning arrester in the 
station is required to discharge. 
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14. In stations where there were several 
arresters so connected that they could dis- 
charge directly in parallel, the records ob- 
tained indicate that five arresters discharged 
in parallel on one occasion, three arresters 
in parallel on three different occasions, and 
two arresters in parallel on 24 different 
occasions. The individual arrester dis- 
charge currents were in general higher when 
two or more arresters discharged in parallel, 
than when only one of two or more arresters © 
in a station discharged. 


15. The data indicate that when a light- 
ning current enters a station on a line 
equipped with a lightning arrester at the 
station entrance, the lightning voltages 
reaching other parts of the station are not 
usually sufficient to cause the operation of 
other arresters. 


16. Damage to equipment at stations dur- 
ing this four-year investigation was of 
minor importance. The only lightning 
arrester which failed was of an old type, 
applied under compromise conditions. The 
five cases of bushing failure involved 22- 
or 33-kv bushings of obsolete design, the 
insulation of which appeared to have been 
in doubtful condition. 


17. Calculation of the traveling-wave 
voltages associated with the recorded 
arrester discharge currents shows that for 
11- to 33-kv lines, about 0.72 records per 
three-pole arrester per year, or 93 per cent 
of those recorded, represented lightning 
voltages that would have been dangerous to 
station equipment in the absence of 
arresters. Corresponding values for 44- 
to 88-kyv lines are that 0.41 records per 
three-pole arrester per year, or 73 per 
cent of those recorded; and for 132-kv lines 
that 0.31 records per three-pole arrester per 
year, or 35 per cent of those recorded, would 
have been dangerous to station equipment 
in the absence of arresters. This clearly 
illustrates the relative number of lightning 
surges of dangerous magnitude which reach 
a station not supplied with lightning- 
arrester protection. 
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_ Synopsis: Electric couplings have recently 
__ been applied on a large scale in geared Diesel 
ship drives to couple the engines to the gear. 
They serve a threefold purpose by acting as 
a flexible coupling to keep the torsional vi- 
bration of the engine out of the gears, as a 
disconnecting clutch to enable any engine to 
be cut out of service, and as an aid in maneu- 
vering. 

A typical large coupling built for marine 
service is described, and the general princi- 
ples and characteristics of this type of de- 
vice are given. Results of tests taken to 
confirm the calculated characteristics are in- 
cluded. The operation of the coupling as an 
aid in maneuvering is described. A sum- 
mary of applications to date is given with a 
discussion of possible applications other than 
ship drive. 


LECTRIC COUPLINGS are de- 

vices for transmitting torque by 
means of electromagnetic forces in which 
there is no mechanical contact between 
the driving and driven members. Thus, 
they differ from electromagnetic clutches 
which are only friction clutches in which 
an electromagnet is used to apply the 
pressure between the friction surfaces. 
Electric couplings are not new in princi- 
ple, but their application on a large scale 
has come only in the last few years. It 
is the purpose of this paper to review the 
principles of operation of electric cou- 
plings, describe their major application to 
geared Diesel-engine ship propulsion, and 
discuss the engineering problems associ- 
ated with this application. 

Probably the idea of an electric cou- 
pling is nearly as old as the idea of an a-c 
generator. There are a number of early 
United States patents from 1891 to 1906 
describing at least the elements of the 
various types of electric couplings. In 
1934 and 1935, the authors made a study 
of the various types of couplings with the 
hope of applying them to marine drives. 
Since 1935, A.S.E.A. in Sweden have 
equipped a number of ships with electric 
couplings.!:?, A 3,000-horsepower cou- 
pling was supplied by the Westinghouse 
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Electric and Manufacturing Company to 
the United States Navy and was quite 
thoroughly tested. At about the same 
time, two tankers were equipped with 
750-horsepower couplings made by the 
Elliott Company. Within the past year, 
the United States Maritime Commission 
has purchased 116,000 shaft horsepower 
in electric couplings in 48 units to equip 
20 vessels. The extent of electric cou- 
pling applications for marine service in 
this country is given by table I. 


Principles of Operation 


The electric slip coupling is the type 
used on all of the large marine applica- 
tions, and the discussion of the numerous 
other types will be reserved till the end of 
the paper. The slip type has poles excited 
by direct current on one rotating member, 
and an armature winding, usually of the 


Figure 1. Arrrange- 
ment of four-engine 
geared ship-propul- 
sion drive for United 
States Maritime 
Commission C-3 
cargo vessels, rated 
8,500 shaft horse- 
power 


squirrel-cage type, on the other rotating 
member. If it is necessary to vary the 
speed, the winding can be insulated and 
brought out to slip rings, so that an ex- 
ternal resistance can be connected in the 
circuit to vary the slip.? Any relative mo- 
tion or slip between the two members will 
induce currents in the armature winding 
which react with the flux to produce a 
torque tending to hold the two members 
close together in speed. This is similar in 
action to the usual induction motor, ex- 
cept that the rotating field is produced by 
a direct current in a rotating member in- 
stead of by polyphase currents in a stator. 


Application to Marine Drives 


The principal application of the electric 
coupling is in geared Diesel-engine ship- 
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propulsion drives as listed in table I. 
Other applications are described at the 
end of the paper. The arrangement of a 
typical marine application is shown in the 
sketch in figure 1. This is the arrangement 
being used on the four Maritime Commis- 
sion C-3 cargo vessels listed as number 3 
in table I. The four engines drive the 
single screw through four electric cou- 
plings and a two-pinion gear. The man- 
ner of mounting the couplings on the 
engine can be seen in figure 2, and the two 
members of the coupling are shown in fig- 
ures 3 and 4. 

The coupling performs four functions 
in the drive, as follows: 
1. It acts as a torsionally flexible member 
between the engine and the gear, eliminating 
all shocks and limiting the transmission of 


torsional vibrations produced by the engine 
to a negligible amount. 


2. Since there is no mechanical connection 
between the two members, the coupling per- 
mits a small amount of misalignment. This 
facilitates the erection of the propulsion 
plant and increases the reliability in service. 


3. It acts as a quick-disconnecting clutch 
which is not subject to wear, and the torque 
of which is independent of speed. Any en- 
gine can be disconnected in less than a sec- 
ond by interrupting the field current of its 


coupling. This permits repairs to be made 
without stopping the ship, and some of the 
engines can be shut down at low speeds to 
give greater economy. The greater reliabil- 
ity of multiple-engine drives can be realized 
only if a disconnecting clutch is available to 
cut out a faulty engine, enabling the ship to 
proceed on the good engines. The use of the 
coupling as a clutch aids in maneuvering as 
described below. 


4. The coupling limits the maximum torque 
to a safe value. The steady-state pull- 
out torque is usually about 150 per cent and 
the transient maximum torque on suddenly 
applied loads is about 200 per cent. If 
trouble develops on one engine, such as a 
seized piston, the electric coupling will limit 
the torque transmitted to this engine to 
twice the normal value, and will permit it to 
stop without injuring the gear and with 
minimum damage to the engine. 


The ease with which electric couplings 
can be connected and disconnected en- 
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ables them to be used in maneuvering the 
ship in a manner which is impossible with 
other forms of couplings. When a large 
amount of maneuvering is to be done at 
low speed, as in going through a close 
channel or approaching or leaving the 
dock, the ship can be maneuvered entirely 
by the use of the couplings. This is done 
by running half of the engines ahead and 
the other half astern. The propeller can 
be connected to either group of engines by 
energizing the corresponding couplings, 
and the ship closely controlled by one 
coupling control lever. This system saves 
on starting air for the engines, and ap- 
proaches the Diesel-electric drive in con- 
venience. 

The couplings can also be used to re- 
verse the propeller in reversals from full 
ahead to full astern, as in a ‘‘crash stop”’. 
In such a reversal, the coupling excitation 
is removed and the engines reversed. Af- 
ter they are running on fuel at reduced 
speed in the astern direction, the coupling 
fields are energized, and the coupling 
torque reverses the propeller. Figure 5 
shows a test slip torque curve on a cou- 
pling and a typical propeller torque curve 
during reversal,’ assuming that the en- 
gines have been brought to 60 per cent 
speed in the astern direction before the 
couplings are excited again. It is evident 
from the curve that the coupling has suf- 
ficient margin in torque to reverse the 
propeller in a short time. This system of 
reversal is most advantageous on engines 
which do not have full torque available for 
reversal. By disconnecting the engine 
from the inertia of the gear, coupling fields, 
and propeller, they can be reversed very 
quickly, even with rather low torque 
available, because the inertia to be ac- 
celerated is low. With the engine on fuel, 
full torque becomes available to reverse 
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the heavy inertias of the system and over- 
come the propeller torque. If the engine 
has sufficient reversing torque, the maneu- 
vering can be done entirely with the en- 
gine, with the coupling acting like a solid 
coupling. 


Characteristics 


Losses. There are only three losses in 
electric couplings—windage, slip or arma- 


Figure 2. Electric 
coupling mounted 
on 2,225-horse- 
power, 240-rpm 
Diesel engine on 
shop tests 


This is the engine 
and coupling for the 
drive in figure 1 


ture J?R loss, and excitation or field J?R 
loss. The core loss is usually negligible, 
as the operating frequency is ordinarily 
less than one cycle per second. The core 
loss is included in the measured slip 
losses. The slip varies with speed and 
rating, but is ordinarily between one and 
2 per cent. The field loss has about the 
same magnitude, so the efficiency varies 
from 95 to 98 per cent depending on the 
rating. The coupling illustrated in figures 
1 to 4 tested just under 1.1 per cent slip 
and 97.75 per cent efficiency. 


List of Marine-Type Electric Couplings 


Torques. The torques required are de- 


termined by the operating conditions for 
the particular drive. The Maritime Com- 
mission engineers realized the full possi- 
bilities of using the electric coupling for 
maneuvering. They specified a minimum 
torque of 75 per cent for any slip up to 


140 per cent to give the coupling some © 


margin in torque over that required by 
the propeller during reversal. They also 
specified 150 per cent pull-out, or maxi- 


mum torque as being sufficiently high to 
cover all conditions of operation. To ob- 
tain high torques at high slips, and at the 
same time maintain low slip at normal 
load and minimum weight and space, is a 
real design problem. Earlier couplings 
employed single-deck squirrel cages, al- 
though some of them used deep bars. The 
torques of these couplings at high slips 
were far below the values necessary to re- 
verse the propeller at full ship speed. All 
couplings being built to the Maritime 
Commission specifications employ some 


Completed or Under Construction in United States of America, as of November 15, 1939 


= a = = a 


Gear 
Number of Ship Engines Engine Engine Rating, Coupling Manu- 
Number Type of Vessel Ships Builder Per Ship Manufacturer Horsepower RPM Manufacturer facturer 
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ht Bet Bitar Ska CuICaE SOI sevan Smeaton eee secre OTERO atl call WAP. &S ie ae eeee eee Busechis iene 208d ene oe Z3SNR ee BS oeee-se F-B 
Brie Screta oss ier oe CeD ichr going clasts maureen cena PAA OTe iec Penna.. 2 INOrdiesie enn 2,105... 2205 ossreehele W Gcerhaelaus WwW 
* United States Maritime Commission vessels. ; <a “ aay 
** Experimental unit for United States Navy. Not installed in a ship. 
} The “Bear’’, Antarctic exploration ship, recently repowered for Byrd expedition. 
Key to abbreviations: 
C—Collingwood Ship Yards, Ltd. —A tle i iesel Engi : I i > 7 4 
Wa Rea oad Atlas—Atlas Imperial Diesel Engine Company W—Westinghouse Electric and Manufacturing 


Sun—Sun Shipbuilding and Dry Dock Company 
ST—Seattle Tacoma Shipbuilding Company 
W.P.&S.—Western Pipe and Steel Company 
Penna.—Pennsylvania Ship Yards 
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Busch—Busch-Sulzer Bros. Diesel Engine Company 
HOR—Hoover-Owens-Rentschler Division of Gen- 
eral Machinery Corporation 
Nord.—Nordberg Manufacturing Company 
F-M—Fairbanks-Morse Company 
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Company 
E—The Elliott Company 
D—Dynamatie Corporation 
F-B—Farrell-Birmingham Company 
Falk—The Falk Corporation 
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Figure 3. Field member of coupling shown in 
figure 2 


form of double-deck squirrel-cage arma- 
ture winding to increase the resistance at 
high slips. 

Temperatures. Allrecent couplings have 
_ had guaranteed temperature rises of 70 
degrees centigrade by resistance, above an 
ambient of 50 degrees centigrade. These 
are standard for class B insulation on elec- 
trical installations in ship engine rooms. 
This rise applies only to the field, as in the 
squirrel-cage type of armature there is no 
insulation, and the temperature is limited 
solely by mechanical considerations. It 
is customary to require that the coupling 
meet the guaranteed temperature rise 
when transmitting full torque down to 
70 per cent of normal speed. This speed 
was chosen as it is the speed obtained with 
full torque on half of the engines, and was 
considered the most severe operating con- 
dition likely to be encountered. Theo- 
retically, it would be possible to operate 
with full torque at half speed when run- 
ning on one engine of a four-engine drive, 
but it was not considered that this would 
be an operating condition. With class B 
asbestos and mica insulation, the machine 
is practically incombustible and offers 
mutch less fire hazard than any device us- 
ing oil. 

Torsional Characteristics. In the cases 
studied so far by.the authors, the elec- 
trical coupling has effectively limited the 
transmission of torsional vibration from 
the engine to the gears to negligible 
values. It has also had negligible effect 
on the critical speeds of the engine. In 
information previously published about 
electric slip couplings,? it has been said 
that the coupling does not transmit the 
torque pulsations originating in the en- 
gine. Strictly speaking, this statement is 
not exactly true, because as shown in ap- 
pendix A, the electric coupling under the 
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influence of pulsating torques acts as a 
weak elastic member, or a torsional spring 
of low spring constant. In appendix B, 
there is a further discussion of the 
effects of this spring constant, giving the 
reasons why it has negligible effect on the 
natural frequencies of the engine and at 
the same time effectively limits the vibra- 
tions transmitted from the engine. 


Structural Features 


The coupling illustrated in figures 2, 3, 
and 4 is typical of large marine couplings 
made in this country, especially those for 
Maritime Commission vessels. The two 
members are overhung on the gear and 
engine shafts. Most of the couplings have 
the inner member mounted on the engine 
shaft, but the coupling will transmit 
torque in either direction and the field 
can be put on the engine. The arrange- 
ment to be used depends largely on the 
amount of inertia desired by the engine 
manufacturer for satisfactory operation 
of the engine and the most advantageous 
placing of the critical speeds. 

The field has the poles bolted to the in- 
side of the rim of a fabricated-steel spider. 
The spider has a flange for bolting to the 
pinion shaft. The field is put on the 
outer member because such an arrange- 
ment gives more room for the winding, 
better ventilation, and more accessibility 
for replacing coils. The coils are made of 
edgewound copper strap with class B in- 
sulation of the same type almost uni- 
versally used in large a-c motors and gen- 
erators, representing the most rugged con- 
struction available. Repairs can be made 
quite easily by unbolting the pole, sliding 
it out axially, and installing a spare field 
coil. The collector rings are bronze and 
the collector assembly is split for ease of 
removal. The field is ventilated by air 
which is taken in through holes in the 
spider plate, passes axially along the 
windings, and is discharged at the open 
end. 

The inner member consists of a fabri- 
cated spider which has a flange for bolting 
to the engine crankshaft flange. The core 
is made of one piece circular punchings 
shrunk on the rim of the spider. The 
winding is a double-deck squirrel cage 
with separate short-circuiting end rings 
for each layer. The outer layer of high- 
resistance bars is generously proportioned 
to absorb the heat produced during re- 
versal of the propeller, since at high slips 
most of the loss is in the outer layer. 

The coupling can be removed or as- 
sembled without disturbing the crank- 
shaft or pinion shaft. Provision has been 
made to move the two members together 
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axially a sufficient amount so that they 
will clear the spigot fits. In this position, 
they are centered together by a centering 
fit and can be bolted together. The entire 
unit can then be lifted out between the 
two shafts. 

A screen guard is usually placed around 
the coupling for the protection of the en- 
gine room personnel. The brush holder 
parts are mounted on the gear case. The 
couplings take their excitation from the 
ship auxiliary power supply. The control 
consists of a selector switch operated by 
the coupling control lever at the engine 
control station, ammeters to indicate the 
field current, circuit breakers in each 
coupling circuit for short-circuit protec- 
tion, and suitable magnetically operated 
contactors. Discharge resistors are pro- 
vided and also a resistor to reduce the 
coupling field for long operating periods 
at low speed and low torque. The neces- 
sary interlocks are provided to prevent 
energizing a coupling when the corre- 
sponding engine is shut down. 

The size and weight of a coupling of 
given rating increase quite rapidly with 
the air gap. The minimum gap which 
can be used is determined by the possible 
maximum unbalanced magnetic pull. 
The unbalanced magnetic pull acts in a 
radial direction and is proportional to the 
displacement for magnitudes of displace- 
ment encountered in normal operation. It 
acts to increase the displacement, so is 
equivalent to a negative restoring force. 


Figure 4. Armature or squirrel-cage member 
of coupling shown in figure 2 


The magnitude of the force depends on 
the initial displacement which is a func- 
tion of the bearing clearance, the ac- 
curacy of the original alignment, and 
the possible distortion or misalignment of 
the ship structure. With conventional 
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ship structure, the misalignment due to 
the distortion of the ship is very small, as 
a large deflection of the center of the ship 
with respect to the ends is produced by a 
small shear deformation. The air gap 
used represents a compromise between 
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Figure 5. Test slip-torque curve of coupling 
shown in figures 1 to 4 


A typical propeller-torque curve during re- 
versal from full speed is shown assuming that 
the engine has been brought to 60 per cent 
speed astern before the couplings are excited 


size and weight on the one hand and mag- 
netic pull on the other. A gap of one- 
fourth inch appears to be a good com- 
promise for large couplings. Since the 
magnetic pull may be increased by large 
bearing clearances, it is desirable to keep 
these clearances to a minimum consistent 
with good practice. It should be noted 
that the magnetic pull in an axial direc- 
tion is very small. 


Tests 


Since the coupling described above was 
the first coupling to be delivered to the 
Maritime Commission, it was given rather 
extensive tests. The slip-torque curve 
was measured by locking one member of 
the coupling through a beam and scale 
and driving the other member at various 
speeds with alarge d-c motor. The torque 
measured on the scale was checked by 
readings of the input to the driving motor. 
The results are shown in figure 5. The 
windage was measured by driving the 
coupling at various speeds and measuring 
the input. From the curve of friction and 
windage against speed, the windage could 
be separated out by the assumption that 


A426 TRANSACTIONS 


the friction loss varied directly with the 
speed while the windage varied as the 
cube of the speed. The ability of the 
squirrel cage to undergo a large number of 
maneuvering operations at reduced speed 
was demonstrated by locking the inner 
member, bringing the field member to 70 
per cent speed with the excitation off, and 
then stopping it by applying the excita- 
tion. This was repeated 22 times in 9 
minutes and 12 seconds with no injurious 
heating of the bars. Of course, there was 
no propeller torque to overcome, but the 
addition of the driving motor gave an 
inertia comparable to the final installa- 
tion, and it was felt that the test demon- 
strated that the coupling had consider- 
able margin above the requirements of 
actual service. 


Further tests were taken on the cou- 
pling at the engine-builder’s plant. The 
coupling was mounted on the engine as 
shown in figure 2, coupling it to a water 
brake. All of the regular tests on the en- 
gine were taken by loading it on the brake 
through the coupling. This also provided 
an opportunity for a full-load tempera- 
ture test on the coupling, demonstrating 
that it met its guarantees with a good 
margin. The test setup included a fly- 
wheel on the brake side which was roughly 
equivalent to the mass of the gears and 
propeller in the final installation. The 
maneuvering of the ship was simulated, 
although it was not possible to include 
propeller torque, and the coupling was 
able to reverse the mass of its outer mem- 
ber and the flywheel from full speed ahead 
to full speed astern in from six to etght 
seconds. The tests indicated that some 
time in reversal of the propeller would be 
saved by reversing the engine independ- 
ently with the coupling disengaged and 
then using the coupling to stop and re- 
verse the propeller. Several torsiograph 
records were made to determine the 
amount of vibration transmitted through 
the coupling. Typical examples are 
shown in figure 6. The record marked A 
was taken on the engine crankshaft 
flange. The vibrations present are the 
seventh order, or the main firing fre- 
quency. They are speed variations 
rather than shaft vibrations. The record 
marked B was taken on the brake side of 
the electric coupling. None of the 
seventh order impulses can be seen on 
this record. The long swings are due to 
the natural period of the torsiograph. 
The high-frequency variations seem to 
have a frequency of 12 per revolu- 
tion, and are probably excited by the 
brake. The amplification on the two 
records is about the same, record B being 
slightly higher than A as shown by the 
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calibration for one degree indicated on the 
record. The revolution marked off in 
each record is the same revolution of the 
engine. 


Other Types of Electric Couplings 


There are as many possible types of 
electric couplings as there are types of 
motors and generators. The more prac- 
tical types will be discussed briefly. 

The slip coupling with squirrel-cage 
winding has been described in detail. For 
the purpose of obtaining variable speed, 
it is possible to insulate the armature 
winding and bring the leads out through 
slip rings exactly as in a wound-rotor in- 
duction motor. This type will be referred 
to as a wound-rotor coupling. The prob- 
lem of controlling the speed through the 
external resistance is exactly the same as 
for the wound-rotor motor, except that it 
is possible to get fine speed adjustments 


Figure 6. Typical torsiograph records, taken 
on shop test with engine driving water brake 
through electric coupling 


Record A taken on engine crankshaft flange 
Record B taken on output side of electric 
coupling 


between resistance points by controlling 
the field current. The efficiency comes 
down nearly proportional to the slip. This 
type may find application to Diesel-engine 
drives where it is desired to run below the 
lowest operating speed of the engine. 

A variable-speed coupling for certain 
types of load may also be obtained by de- 
signing a squirrel-cage slip coupling for 
high slip and controlling the torque by 
control of the excitation. This is analo- 
gous to controlling the voltage on a squir- 
rel-cage motor. There are two difficulties 
in this: The high slip necessary for any 
appreciable range of slip by field control 
results in lower efficiency at full speed as 
well as at reduced speed. The other dif- 
ficulty is the dissipation of the heat from 
the armature member, since all the slip 
losses go into this member. 
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Instead of a conventional squirrel-cage 
winding, it is obviously possible to use 
only a solid steel rotor on the armature, 
making use of the eddy currents induced 
in its surface. This type gives less pull- 
out torque and higher slip for the same air 
gap surface and weight. However, for vari- 
able speed by field control, it has the ad- 
vantage that it can be arranged more 
readily to dissipate the high slip losses, 
especially in smaller sizes. 

The inductor-alternator principle may 
be used to make an inductor-type electric 
coupling. The field is wound peripherally 
on one member, dividing the air gap into 
two sections. The flux is unidirectional 
in each section and is caused to alternate 
in the armature winding by the relative 
motion of inductor teeth on the other 
member. Fora given air gap and pull-out 
torque, more air-gap surface is required in 
the inductor-type machine since the useful 
alternating-flux density is limited by satu- 
ration to about half of the value in a 
salient-pole type, due to the superposition 
of d-c and a-c components of flux. How- 
ever, where the air gap can be kept very 
small, this type may result in somewhat 
cheaper construction for small couplings. 

A synchronous coupling can be built by 
using salient poles and d-c excitation on 
both members. For most applications 
this type is less desirable than the slip 
coupling for several reasons. The in- 
creased excitation requirements partially 
offset the elimination of slip losses, and 
slip rings are required on both members. 
The synchronous “‘spring’’ torque tends 
to be higher than in the slip coupling, and 
if this type of coupling should pull out of 
step with fields excited, high values of 
slip-frequency alternating torque would 
be developed which might excite the tor- 
sional natural frequency of the connected 
mechanical system. Also the presence of 
field windings on both members makes it 
difficult to obtain high average torques at 
high slip. 


Other Applications 


The application of the slip type of cou- 
pling to geared Diesel ship-propulsion 
drives has been discussed in considerable 
detail, because that is the largest applica- 
tion of couplings made so far. However, 
it is interesting to note some of the other 
possible uses for couplings. This same 
type of coupling can be applied to any 
Diesel or gas engine where it is desired to 
limit the engine torq:e impulses trans- 
mitted to the load. It may also be used 
for the purpose of limiting the maximum 
torque and avoiding stalling of the engine. 
In such applications, the pull-out torque 
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of the coupling must be made less than the 
stalling torque of the engine. It can be 
used as a disconnecting clutch to shift 
gears on an engine which is too large for a 
friction clutch. 

The variable-speed coupling of either 
the wound-rotor or high-slip squirrel-cage 
type may be used with a synchronous 
motor or a constant-speed induction mo- 
tor to obtain smooth speed or torque con- 
trol. By use of field control, the speed can 
be controlled in finer steps than is prac- 
ticable with a resistance in the secondary 
of a wound-rotor induction motor, As 
previously stated, the reduced speed is al- 
ways accompanied by a reduction in 
efficiency, but this may not be too serious 
a handicap for a limited range in speed, 
for short-time operation at low speed, or 
for fan or pump drives where the power 
varies as the cube of the speed. 

For a limited range of speed, or for a 
fan type of load, it is possible in the 
smaller ratings to obtain speed control 
entirely with field control of the coupling, 
using a slip type of coupling with high-re- 
sistance squirrel cage, or a solid steel 
armature. 


Conclusions 


The electric coupling has filled a definite 
need in the application of higher-speed 
Diesel engines to geared ship propulsion. 
The engineering problems encountered in 
this application have been satisfactorily 
solved, as proved by the installations 
which are now in successful service. As 
time goes on, a larger proportion of Diesel 
ship drives are being geared, and the per- 
centage of these geared drives on which 
electric couplings are applied is increasing 
rapidly. 

Now that the electric coupling has been 
developed and applied on a commercial 
scale, it is quite sure to find other applica- 
tions where its characteristics can be used 
to advantage. 


Appendix A 


Electrical Torques Produced by 
Pulsating Motion in the Electric 
Slip Coupling 


The analogy to the induction motor makes 
it apparent that the effect of the average 
torque is to produce a slip between the two 
members. The effect of any superimposed 
alternating motion between the two mem- 
bers is to produce both in-phase and quadra- 
ture components of alternating torque. 

The component of torque in phase with 
the alternating component of the relative 
velocity is a damping torque, since it repre- 
sents energy supplied by the alternating mo- 
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tion. The component of the alternating 
torque in phase with the angular motion 
(but opposite in direction) is a transient 
synchronizing torque, and is equivalent to a 
weak mechanical spring as far as alternating 
components of torque are concerned. 

The mathematical analysis is based on the 
following assumptions; 


1. That the field resistance is negligible in compari- 
son with the field reactance at the frequencies to be 
considered, 


2. That the squirrel-cage winding can be replaced 
by an equivalent two-phase winding. This has been 
proved by applications to induction motors to be. 
quite accurate. 


8. That the inductance (ZL) of these equivalent 
armature circuits is independent of the relative posi- 
tion with respect to the field, This, in general, is. 
only approximately true, but the effects of varia- 
tion in inductance will be analyzed further from a. 
physical point of view. 

4. The analysis will be carried through for a rela- 
tive angular motion represented by 0 = (w,st+0, sim 
wat), where @ is the relative angular position of 
phase a with respect to the field, ws is the average 
angular velocity, 04 is the amplitude of the alter- 
nating angular motion, and wa is 27 times the forced’ 
frequency of oscillation. All angles are measured in, 
electrical radians. The actual alternating motion, 
may not be sinusoidal, but it can be resolved into a. 
series of sinusoidal components which can be. 
treated in the same manner. 


5. That the amplitude of the angular oscillation, 
8,4, is small, so that cos (4, sin wat) can be taken as 
unity and sin (9,4 sin wAt) can be taken as 6, sim 
wat. This is a good approximation up to about 15, 
electrical degrees. This maximum angle corre- 
sponds to about 50 per cent torque transmitted,. 
which is higher than is likely to be encountered, 
On this basis: 


0A 6A 
cos @= cos ott cos (wA +ws)t — zy cos (wA —ws)t 


: OA, OA. 
sin 06=sin wst+ G sin (wA-+ws)t+ 9 sin (wA —we)t 


The equation for voltage and current will 
be expressed first in volts, amperes, and 
ohms, and then the torque equation will be 
expressed in per unit notation in order 
to give both forms. 


eég=—P i cos 0= si Ws SiN west +. 
a Ly tf Ly 2; 


6 6 
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sin (wa — | 


M F M 
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6 
E cos wtt+—> (wa+ws) Cos (wa+ws)t+ 


0 
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The currents can be calculated by using 
the proper impedance for each frequency, 
The subscripts s, A+, and A— will be used 
to indicate the impedances determined at 
Ws wa Tos and WA — Ws 

us 


frequencies —, respec- 


Tv us 


tively. 


Ws 


M é 2 
i-(F W)| es (ys sin wet —X Cos wet) + 
Oa (w Ws , 
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X, sin wl) +> res (v7.4) cos (wat 


yale 
ott (Xa+) sin (wa+o9)+> Pe 


{ (y,—) cos(wa —ws)t-+ (X4—) sin (wa — wh | 


In per-unit notation, the torque can be 
determined by the equation developed by 
R. H. Park4 and others. 


T= (tghn —tyha) (1) 


The per-unit currents can be obtained by 
dividing the actual amperes by rated am- 
peres (Io). The per-unit flux linkage, Yq and 
y» can be obtained by dividing actual inter- 
linkage by Wo which is the flux linkage corre- 
‘sponding to the resistance drop at full load. 

The net flux linkage of each armature 
circuit can be written: 


1/M : 
fame (Fy, cos o+ial) 


ik fie : 
tens. fae 6+1,L 


‘Then 


MY,\ ae 
r=(#e) (tg cos 0—ty sin 4) (2) 


Expanding this equation and neglecting 
-all 64? terms because they are small for 6, 
less than 15 degrees as assumed, and keep- 
ing impedances in ohms: 


My, *Wo WsVs (wa +s) YA+ 
T= Lie 
(A) EN ae 


(wa —ws)Va— | 9a (wa +a) Xa4 
(Za_)? 12 os aa +4 Va 
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= = t 
7a SAA pais 2 


Using per-unit impedances, and using the 
symbols s and A to represent the per-unit 
slip frequency and forced frequency respec- 
tively, the torque may be written in per-unit 
notation: 
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In this equation, Hq’ is the per-unit volt- 


age proportional to ove the flux which 
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would link the armature if the circuit were 
opened and constant field flux, yy main- 
tained. In dealing with transient phenom- 
ena, this voltage would be called the voltage 
back of transient reactance. 

From these torque equations, it is appar- 
ent that there is a steady torque dependent 
only on the average slip, s, and two alternat- 
ing components, the sin wat and cos wat 
terms. The amplitudes of these alternating 
components are a function of the two fre- 
quencies A+s and A—s. The sine term is 
in phase with, but opposed to the displace- 
ment and is, therefore, analogous to a weak 
mechanical spring connecting the two mem- 
bers. The magnitude of this spring constant 
is simply: 


een = Sas ia 
nu 2 
(2«) +(Xa+) 
KAS 2X5 


To 


(25) try (*) +X! 
Naas) 5) 


Where P is the number of poles in the cou- 
pling and 7» is rated torque. If 7» is in 
pound-feet, the constant is in pound-feet per 
radian. 

The cosine term is a torque in phase with 
the alternating component of the velocity, 
and is analogous to mechanical velocity 
damping. The damping coefficient is: 


YA+ 
P(E,')* , A+s 


4wa YA+ Z 2 
(2) + (Xa+) 


oo 


If To is in pound-feet, the coefficient is in 
pound-feet per radian per second. 

From the torque equation (2), it is seen 
that the pulsating components result from 
the action of the quadrature axis compo- 
nents of current (ig sin@—7)cos@). In order 
to simplify the derivation, the direct and 
quadrature axis reactances were assumed 
equal, but if they differ appreciably, the 
quadrature axis value should be used. If 
there are damping circuits on the field poles 
other than the field winding, they must be 
considered as affecting the reactance at the 
high frequencies. 


Appendix B 


Influence of the Electric Coupling on 
the Torsional Vibrations of the 
Propelling Drive 


An important function of the electric 
coupling is to limit the transmission of tor- 
sional vibration from the engine to the gear. 
In the information published about electric 
couplings, it has often been stated that the 
electric coupling transmits only torques pro- 
portional to the slip, and therefore from the 
standpoint of torsional vibration separates 
the two systems on each side of it com- 
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pletely. As demonstrated in appendix A, 
this is not strictly true as the coupling acts 
as an elastic member having a spring con- 
stant which is a function of the frequency of 
the applied torque. It is zero at zero fre- 
quency and approaches a maximum value 
as the frequency increases. When a pulsat- 
ing torque is applied to the coupling, a cer- 
tain amount of energy is dissipated in the 
coupling. This energy acts as damping. 
For low frequencies up to one cycle per sec- 
ond, it is constant and equal to the torque 
normally produced in the coupling at nor- 
mal slip, and then decreases rapidly as the 
frequency increases, being approximately 
inversely proportional to the frequency. 

The electric coupling being located near 
the node of the vibration in the crankshaft, 
the damping in the coupling has very little 
influence on the amplitude of vibration in 
the engine. The damping in the coupling 
will be very effective in limiting the ampli- 
tude of low-frequency vibrations originating 
in the propeller if the nodes are such that 
large relative motions are produced in the 
coupling. 

On high-speed Diesel engines, the low 
spring constant of the electric coupling has 
practically no influence on the natural pe- 
riod of torsional vibrations of the engine 
proper. Due to the small mass of the inner 
part of the electric coupling mounted on a 
very rigid crankshaft, this natural period is 
very high and only the critical speeds of 
high orders are in the operating range of the 
engine. Only an inappreciable part of these 
torque harmonics is transmitted through the 
coupling to the gears. 

The effect of the spring constant of the 
electric coupling on the complete propelling 
drive is to produce a natural period of vibra- 
tion of low frequency which might be in the 
range of the frequency of the torque im- 
pulses produced by the propeller blades 
cutting the wake of the ship. Usually, due 
to the large damping produced in the pro- 
peller, the vibrations thus produced are not 
dangerous unless they occur at the normal 
operating speed of the propeller. However, 
a thorough analysis of the complete pro- 
pelling drive is advisable, making allowance 
for the spring constant of the electric cou- 
pling, to avoid any possibility of trouble. 
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Synopsis: Ionizing radiation has been dis- 
covered to be present in spark gaps of the 
type commonly used in commercial light- 
uing arresters for the last 15 years. This 
radiation is emitted from discharges near 
the insulator-electrode contacts, when im- 
pulse voltage is applied to the gap. Ioniza- 
tion is produced by the absorption of this 
radiation in the spark gap. This effectively 
reduces the time lag of breakdown. The 
presence of this radiation explains why 
higher impulse breakdown voltages are ob- 
tained with a sphere gap in the dark than 
with a lightning-arrester spark gap with 
porcelain spacer. The radiation effect 
observed here is similar to that investigated 
by Wynn-Williams in the three-point gap. 
This paper tells of experiments performed to 
determine the reason for the low impulse 
ratios observed with rutile-spacer spark 
gaps. The results of this study explain the 
reason for the low impulse ratio of the 
“quench gap” and the ‘“‘ionization gap” 
utilized in lightning arresters. This new 
information aids in understanding why low 
impulse ratios are obtained in high-voltage 
lightning-arrester spark gaps. 


HIS PAPER describes experimental 

work which revealed a hitherto un- 
recognized, important factor responsible 
for the low impulse breakdown voltage 
found for short enclosed spark gaps such 
as are commonly used in lightning arrest- 
ers. To obtain a low impulse ratio it has 
long been known that some form of ioniz- 
ing radiation must be present.'~* In 
lightning-arrester spark gaps this radia- 
tion is emitted from subsidiary discharges 
discovered to exist between the electrodes 
and the insulating spacer, accompanying 
the dielectric displacement current. The 
intensity of this radiation may be ex- 
pected to be proportional to the dielectric 


Paper 40-61, recommended by the AIEE commit- 
tee on protective devices, and presented at the AIEE 
winter convention, New York, N. Y., January 22— 
26, 1940. Manuscript submitted November 8, 
1939; made available for preprinting December 18, 
1939; released for final publication February 28, 
1940. 


Wo. E. BERKEY is research engineer, Westinghouse 
Electric and Manufacturing Company, East Pitts- 
burgh, Pa. 

The author is indebted to Doctor Joseph Slepian for 
many suggestions and guidance of this work. 
Messrs. Strausser, A. Keto, and R. P. Shimp aided 
in the early experimental work. Doctor M. E. 
Bell helped in the preparation of rutile-ceramic 
spacers. In particular, M. J. Kofoid contributed 
valuable assistance in the experimental tests and in 
the preparation of this paper. The co-operation of 
A. M. Opsahl, F. B. Johnson, and W. G. Roman, of 
lightning-arrester engineering group, was very 
helpful and is appreciated. 


* One common mineral form of titanium dioxide. 


1. For all numbered references, see list at end of 
paper. 


Aucusr 1940, VoL. 59 


‘ 


displacement current so that spark gaps 
with spacers of higher-dielectric-constant 
material, such as rutile,* give lower im- 
pulse ratios. This paper describes ex- 
periments made to study the interesting 
breakdown results obtained with rutile- 
spacer gaps. These tests led to the view 
that in lightning-arrester spark gaps the 
spark lag is reduced by radiation emitted 


Pbi/ 


Figure 1. Impulse test circuit 


C—One-fourth-microfarad capacitor 
E,>—60,000 volts direct current 
L:—140 microhenries 

ls>—75 microhenries 

Ri —400 ohms 

Rs—25 ohms 

Ry,—Resistance potentiometer 

G,, G2—Synchronizing gaps 
E,—Voltage for oscillograph plates 


from the region of the contact junctions 
between the insulator and metal elec- 
trode. Practical application of this work 
has been made in the design of lightning- 
arrester spark gaps by utilizing common 
insulating materials with intensified radia- 
tion means. 


Electrical Tests 


The test circuit of figure 1 is commonly 
used for impulse tests on spark gaps. A 
capacitor bank, C, is charged to 60 kv, 
just below the breakdown potential of the 
double gap, Gi, G2. The breakdown of Gj, 
G2, is synchronized with the measuring 
circuits by means of a timed impulse ap- 
plied to the middle electrode. The rate 
of increase of voltage over the test gap 1s 
determined by the circuit constants C, 
I,, and R;. After the breakdown L», and 
R» assist in regulating the magnitude and 
wave shape of the surge current. Break- 
down potentials are reduced by a tapped 
noninductive resistor, R,, for voltage 
measurements by a cathode-ray oscillo- 
graph. All impulse breakdowns were 
made on a front-of-wave-test in which the 
surge increased at the average rate of 50 
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kv per microsecond. This rate of rise is 
recommended by AIEE Standards No. 
28 for arresters of six-kilovolt and under 
rating. Sixty-cycle breakdown tests were 
taken with a testing transformer having a 
calibrated third winding and an induction 
regulator in the low-voltage winding. 
In approaching the breakdown voltage 
the rate of increase of 60-cycle voltages 
controlled by the regulator is reduced so 
that if the breakdown lag is long, the time 
of voltage application is also compara- 
tively long. Experiments have shown a 
small dependence of the 60-cycle break- 
down upon radiation, particularly with 
polished electrode gaps. However, for 
the purpose of this paper comparisons are 
based onthe measured 60-cycle breakdown 
values rather than the true d-c breakdown 
which is more difficult to obtain. 

The procedure in testing a gap was to 
record eight impulse-breakdown tests at 
ten-second intervals immediately fol- 
lowed by eight 60-cycle breakdown meas- 
urements taken consecutively. The 
average impulse-breakdown value di- 
vided by the average 60-cycle crest break- 
down determines the impulse ratio. The 
impulse ratio is used to compare gaps be- 
cause of its lesser dependence on small 
differences in gap spacing. A rough 
indication of the accuracy on repetition of 
a gap is obtained by expressing in per 
cent the lowest and highest readings in 
the series of eight breakdowns as a frac- 
tion of the average value. The column 
in table I under the heading maximum 
and minimum consistency compares the 
various gaps in this way. 

A typical enclosed spark gap, figure 2, 
has a disk and a shaped brass electrode 
separated by an insulating-ring spacer 
which completely surrounds the sparking 
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Typical spark gap with porcelain 
spacer and metal electrodes 


Figure 2. 


regions. The breakdown characteristics 
of this gap with the porcelain spacer are 
listed in table I, line A. When rutile 
ceramic was substituted for porcelain as 
the spacer material, the breakdown values 
measured are given in table I, line B. 
The main value of the rutile spacer previ- 
ously anticipated was an improvement in 
voltage distribution over individual gaps 
in a multigap arrester. The lower im- 


TRANSACTIONS 429 


Table I. Average Breakdown Characteristics of Enclosed Spark Gaps With Disk and Shaped liquid ceresin wax, then cooled so that the 
Electrodes of Figure 2 entire surface of the spacer was coated 
with wax. The lead contacts on the 
Total Average  60-Cycle Per Cent Consistency rutile spacer were then scraped to remove 
Number Impulse Average a act 5 
of Break-  Break- Impulse __Jmpulse_ 60 Cycle the wax enough to make good cont 
Line Spacer Tests down down Ratio Max. Min. Max. Min. with the metal electrodes. In this 
scraping it is probable that some of the 
A..Plain porcelain......... 20 erertecrs 130 aonedo UD Sbo000 Aa emotes Hoses) conlWBy snotty high-dielectric-constant spacer was ex- 
BineRwcile Ceramics isis UP to o06 Go uP) o.00.0%0 Ba} on anad No Anse ndllPalin 6 ose o ollie aati & : ep mo —_ 
C..Leaded porcelain........ PB. 6060 Qe cosas Wall ob0000 DPB coolte) coclhl oo oll} odtls posed in the contact region. ow 11h 
este CO0F Se radinny i ained with the spacer 
plain porcelain....... pour 8.85..... ee oy 1.20....105 ...95 ...100 ...98 pulse ratio was obt P 


pulse breakdown obtained with rutile- 
spacer gaps was so surprising that an in- 
vestigation was made of this phenomenon. 


Rutile 


Rutile is a common mineral and is one 
of the three crystalline forms of titanium 
dioxide. Powdered rutile can be molded 
and fired with or without the addition of 
bonding materials such as china clay. 
The important difference between rutile 
ceramic and porcelain is the high dielec- 
tric constant of the rutile ceramic. A di- 
electric constant of 80 to 100 has been 
measured for rutile ceramics used as 
spacer materials. Rutile retains its high 
dielectric constant at frequencies of 106 
cycles per second. 

Electrical discharges appeared at ‘he 
spacer-electrode contacts during the 
breakdown tests. This contact voltage is 
illustrated in figure 3 where under similar 
conditions higher gradients exist over the 
air space when a rutile spacer is used. 
When highly conducting metal films were 
placed over the rutile spacer-electrode 
contact areas no change in impulse ratio 
resulted. Metal films on porcelain spacer 
contacts lowered the impulse ratio ma- 
terially as indicated in line C of table I. 
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Figure 3. High gradients on assumed-contact 
air gap with porcelain and rutile spacers 
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The observed phenomenon with the 
rutile spacer gaps is similar to the effect 
of radiations from radium>®’ and ultra- 
violet radiation®’ on the breakdown of 
spark gaps. Tests were made to see if 
the rutile contained enough radioactive 
materials to cause this improvement in 
impulse breakdown. The discharge rate 
of an electroscope was measured in room 
air, in close proximity to a rutile ceramic 
spacer, and with 1.65X10~* gram of 
radium on’ a brass disk two centimeters 
from the collecting plate. The corre- 
sponding discharge rates were: 


1. Air — 0.025 centimeter per minute 

2. Rutile — 0.038 centimeter per minute 

3. 1.65X10~* grams radium — 150 centi- 
meters per minute 


A plain porcelain-spacer gap was tested 
with the radium-treated disk used in the 
electroscope tests and found to have a 
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Figure 4. Dark-room tests 


low impulse ratio of 1.2, table I, line D. 
It was concluded that the radioactive 
impurities in the rutile do not exist in 
sufficient quantities to cause the observed 
phenomena. 

The possibility of the insulating surface 
emitting a radiation when electrically 
stressed was suggested and tests were 
made to see if such radiations were pres- 
ent. A rutile ceramic spacer with 
sprayed lead contacts was dipped into hot 
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insulating surfaces covered with ceresin 
wax. It, therefore, seems improbable 
that radiation from a stressed insulating 
surface causes the observed effect. 


Barrier Tests 


An attempt was made to interpose a 
barrier between the spacer-electrode junc- 
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Figure 5. Potential over insulator surface near 
metalized contacts 


tion and the central sparking region, by 
placing a loose fish-paper cylinder within 
the spark gap. At first low impulse volt- 
ages were obtained, but after changing 
the paper cylinder to a telescope con- 
struction, which was really light-tight, a 
high impulse ratio was obtained. Whena 
1/¢4-inch-diameter hole was drilled through 
the otherwise opaque barrier, the impulse 
ratio was lowered. 

Additional tests were made with picein 
wax covering the rutile spacer-electrode 
contact junctions on the inside of the 
spacer. When both of the electrode- 
insulator contact regions were covered 
with wax, high impulse ratios resulted. 
With only one contact region waxed, low 
impulse ratios were obtained. A contact 
layer of sprayed metal was brought up 
the inside of the rutile spacer and the con- 
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tact regions waxed but with a small ring 
of exposed lead extending beyond the 
wax. Tests showed low impulse ratios 
when the lead film was exposed. 


Dark-Room Tests 


A bare X-ray film was located around a 
Tutile spacer with sprayed lead contacts 
and two disk electrodes as shown in figure 
4A. No blackening appeared when this 
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Figure 6. Variation in impulse ratio obtained 
by increasing gap distance while maintaining 
constant dielectric thickness 


gap was energized at 7,500 volts, 60-cycle 
frequency, for several hours. One hun- 
dred short-time chopped surge waves of 
ten kilovolts crest gave no trace of radia- 
tion on the film. When the gap of figure 
4A was excited to 8,000 volts crest at 540 
kilocycles for one hour the X-ray film 
obtained is reproduced in figure 4B. The 
whole film was diffusely blackened but 
two intensely blackened lines appeared as 
a result of radiation from the contacts. 
A picture of the contact discharges was 
made with Zeiss camera (approximately 
5) with a two-minute exposure in a dark 
room using the fastest available commer- 
cial film. The contact discharges were 
greatly amplified by increasing the voltage 
to just under the insulator flashover 
value. The picture in figure 4C shows 
some indication of the localized nature of 


the contact discharges. One flashover 
took place during the exposure and is 
visible in the picture. The two bands of 
light in the picture are the result of several 
points of light from contact discharges 
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Figure 7. Three-point spark gap 


that wandered around irregularly on the 
periphery of the rutile spacer at the lead- 
sprayed film outside edges. 


Radiation From 
Contact Discharges 


It is now obvious that the lower im- 
pulse-breakdown values obtained by the 
use of rutile spacers are due to a radiation 
in the gap coming from localized electric 
discharges at or near the inside contact 
junctions of the insulator and electrode. 
The radiation is present in abundant 
quantities to produce the effect through a 
1/,-inch-diameter hole. The discharges 
are attributed to stress concentrations 
and are present with highly conducting 
metal contact films. Two ways of pro- 
ducing stress concentrations with typical 
spacer shapes are shown in figure 5. It is 
not necessary to postulate imperfections 
in the surface of the dielectric to explain 
high air gradients. A metal contact film 
on the rutile spacer reduced the visible 
radiation intensity so that the contact 
discharges could not be seen in a dark 
room with careful observation under 
normal gap stress. Under this reduced 
visible intensity the impulse ratio was 
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Figure 8. Externally supported spark gaps 


equally low. In the case of porcelain 
spacers the lead contact films definitely 
lowered the impulse ratio. This is 
attributed to the more favorable location 
of the radiation source on the porcelain. 

That porcelain spacers may be made to 
radiate with greater intensity so as to 
lower still further the impulse ratio was 
proved by testing the porcelain gap at 
increased gap spacings which effectively 
increased the working stress of the porce- 
lain. In the curves of figure 6 are plotted 
the impulse ratio as a function of the gap 
spacing where the gap spacing was in- 
creased by the addition of metal-ring 
spacers on top of the various insulating 
spacers. At about three times the normal 
gradient the plain porcelain spacer gap 
has an impulse ratio of 1.2. 


The Three-Point 
Spark Gap 


The impulse breakdown potential of a 
spark gap can be lowered by the three- 
point effect first explained by C. E. Wynn- 
Williams’ in 1926. A typical three-point 
gap is reproduced in figure 7. When the 
sharp point of the needle was placed 
within six centimeters of the ungrounded 
electrode and electrically connected to it 
so that it was ‘“‘visible’’ to the gap, a 
lower surge breakdown voltage was ob- 
tained. All barriers when placed in front 
of the point neutralized this effect except 
a specially prepared thin celluloid film. 
The effect was obtained in a dark room 
where no discharge could be seen to pass 


Table Il. Tests With Electrodes Supported Externally—Figure 8 
Average Average 
Surge 60-Cycle Surge 60-Cycle 
Breakdown Breakdown Impulse Gradient Gradient 
Spacer Electrodes Gap (Mm) (Ky) (Ky) Ratio (Kyv/Cm) (Kv/Cm) 
None—open to room ('l 1GBisarnreiots robes AG Ol epic alent a « S84 cave smietle US Oa ttetstsraie cis cents ata 
Dee stat ey Lis So Murteuntatoves sre nelt LU) he seliafelsettedd (o.ta) 01x 57, 
None—in light-tight box 1.65 Rraretee ye sila ae Shidackenere 2 5 Pgs thane Senay se Diy Metier poe 
Plain porcelain  (.--++:- Brass disk and shaped..........+.+-++ 1.65. Ha “ir pee ioe a Sees : ; : Brae i ue 
Go ene em ee eee I Gai... 5.8.48 he be aS AB ss se at 40.2 
EE I ee ik Oke ne 5 G4 oe ee Dee eibecnentee 58.3 
eee ta riche . .-3.8-cm brass* polished spheres....... VER Me ANE see, 20. ees Base Sie TRY dees eee 56.3 
None—in light-tight box \ yop O10 ces DEASS™ Bp P {1163 ae, ene ON ee 9.29 * 
* One hour between polishing and testing. 
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Figure 9. Unit of quench gap, lightning- 
arrester spark gap which utilizes ionizing 
radiations from contact discharges 


Average impulse ratio of unit quench gap = 
1.05 


from the needle point to an electrode. 
His conclusions were that: 


“1. Before the three-point phenomenon 
can be obtained some form of discharge, 
silent or spark, must be ‘visible’ from the 
main gap and within a certain distance of it. 


“2. The phenomenon is obtained in the 
absence of: 


“(a). Disturbance of the electric field near the main 
gap and 

“(b). The passage of ions from the pilot discharge 
into the main gap. 


“3. A radiation is emitted by the pilot 
discharge which can ionize the gas in the 
main gap. 


“4, When this radiation is prevented from 
reaching the main gap the usual three-point 
effect is not obtained. 


“5. The three-point effect is still produced 
when the electrodes are so shielded as to pre- 
vent any photoelectric effects... 


“6. The observed properties of this radia- 
tion seem to establish the limits of its wave 
length as being approximately 13 to 1,000 
angstroms, and they coincide to a large 
extent with the corresponding properties of 
entladungstrahlen.”’ 


As these conclusions so thoroughly ex- 
plain the rutile-spacer spark-gap tests, it 
seems safe to conclude the same phe- 
nomena must be present in both cases. 


Recent Work 


H. Rather’ has measured the absorp- 
tion coefficient of similar radiation from a 
spark discharge. He believes the gas- 
ionizing radiation to be between the 
limits of 800 to 1,000 angstroms. By 
means of a Wilson cloud-chamber appa- 
ratus he has measured and extrapolated 
the absorption coefficient of the effective 
radiation from sparks to be w=2 for air, 
M=0.8 for hydrogen, and u=5 for oxy- 
gen, at 760-millimeter pressure. 


Mounted-Electrode Tests 


To observe the performance of a gap 
without short insulating spacers the disk 
and shaped electrodes were mounted on 
an adjustable micrometer spark gap as 
shown in figure 8. The electrode spark- 
ing surfaces were first polished, cleaned, 
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and then roughened with fine alundum 
paper. The roughening process was re- 
peated before each set of tests. The gap 
spacing was set equal to that of the porce- 
lain gap of figure 2, and tested with the 
electrodes open to room air. The impulse 
ratio measured was 1.64 with 60-cycle and 
impulse voltages as shown in table II. 
When the same gap was placed inside a 
light-tight maplewood box the impulse 
ratio rose to 1.87. The higher impulse 
ratios in the light-tight box are attributed 
to a decrease of radiation. When the 
spark gap is open to room air, possible 
sources of radiation are corona points on 
the surge generator, radioactive material 
in the room, atmospheric radiations, and 
incandescent filaments. 

With a plain porcelain spacer inserted 
between the electrodes of figure 8, the 
impulse ratio measured was 1.72. As the 
porcelain spacer makes the gap relatively 
light-tight some radiation must be present 
normally in the plain porcelain gap. The 
lower breakdown gradients recorded in 
table II for this test are added evidence of 
radiation. When a sprayed-lead porce- 
lain spacer was tested in the same gap 
structure the impulse ratio was 1.36. 
This low value is attributed to a more 
favorable location of the radiation present 
in the porcelain-spacer gap. A leaded 
rutile spacer in the same gap structure 
gave an impulse ratio of 1.07. The break- 
down gradients are low, indicating a 
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greatly increased intensity of radiation. 
Two 3.8-centimeter spherical electrodes 
were mounted in the micrometer support 
and tested open to the room and in the 
dark box. The results listed in table I 
show a similar increase in impulse ratio 
for spherical electrodes in the light-tight 


box. 


Applications 


A single unit of the ‘‘quench gap” con- 
struction! is shown in figure 9. In this 
gap effective radiations are emitted from 
the mica insulator and electrode-contact 
region. Some of this radiation pene- 
trates into the sparking region and effec- 
tively lowers the time lag of breakdown. 

In the ‘ionization’ gap sketched in 
figure 10 the disk electrode has been 
raised in three locations. Contact with 
the porcelain spacer is made on these 
three raised lands. The air in the region 
of the porcelain-disk contact is stressed 
sufficiently on rapid voltage rises to cause 
the sparking region to be irradiated as in 
the “‘quench gap.” 


Conclusions 


The impulse ratio of spark gaps with 
spacings of between one and two milli- 
meters depends upon the radiation pres- 
ent in the gap. An effective radiation is 
present in the usual porcelain-enclosed 
gap used in lightning arresters. This 
radiation is emitted from electrical dis- 
charges at the insulator-electrode junc- 
tions. A high-dielectric-constant spacer 
gives low impulse ratios, probably because 
the intensity of the effective radiation is 
proportional to the displacement current 
in the insulator. The wave length of the 
most effective part of a similar radiation 
was determined by Wynn-Williams in a 
study of the three-point spark gap as 
lying between 13 and 1,000 angstroms. 
Experiments in this region of the soft X- 
ray spectrum are difficult due to rapid air 
absorption. 

The discovery of this radiation in 
porcelain-enclosed spark gaps explains 
why porcelain space gaps have lower 
impulse ratios than plain spark gaps of 
the same spacing in the dark. The re- 
sults of this study fully explain the reasons 
for the low impulse ratios obtained in the 
“quench gap’’ and the “ionizing gap” 
which are both utilized in commercial 
lightning arresters. 
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cooling purposes, so effectively presents 
a continuous supply of dissolved moisture 
to the hygroscopic insulation of the wind- 
ings. 

The dielectric-strength test of insulat- 
ing liquids has long been accepted as an 
adequate protection against dielectric 
deterioration produced by water, but 
such a test as used in practice gives no 
adequate protection against the insidious 
penetration of water and its sorption by 
the cellulosic insulation. The practical 
dielectric strength represents the sum- 
mation of many deteriorating effects, 
including the effect of fibers, dust, and 
other suspended or dissolved materials. 
The effect of these materials becomes 
greatly pronounced in the presence of 
water!‘ and their prevalence in normal 
commercial practice has necessitated the 
establishment of dielectric-strength stand- 
ards of such value that dissolved moisture 
may wumnsuspectedly be present in an 
amount which, because of its continuous 
transfer to the liquid-immersed cellulose 
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insulation, may be sufficiently large 
seriously to affect the insulating proper- 
ties of the latter and to present a danger- 
ous condition for commercial use. 


A Laboratory Test for Quantitatively 
Determining the Amount of Dis- 
solved Water in Insulating Liquids 


A number of test methods have been 
suggested for quantitatively determining 
the amount of water dissolved in mineral 
oil and other organic liquids.’ The 
method adopted in this study has been a 
modification of the procedure suggested 
by Smith and Bryant,® the water content 
being expressed in parts per million by 
weight. 

Dry nitrogen gas is bubbled through 
500 to 1,000 grams of the carefully 
weighed insulating liquid at 130 degrees 
centigrade for a period of three hours. 
From the insulating liquid the nitrogen 
gas is led through two liquid-air traps 
where the entrained moisture is re- 
moved, The frozen condensate in the 
traps is dissolved in 25 cubic centimeters 
of dry acetone and slowly added to a cold 
acetyl chloride-pyridine mixture. In the 
preparation of this mixture, 10 cubic 
centimeters of acetyl chloride dissolved 
in dry benzene (118 grams per liter of 
solution) are contained in a dry 250-cubic 
centimeter glass-stoppered flask and 
cooled in an ice bath. Two cubic centi- 
meters of dry pyridine are added drop- 
wise to the acetyl chloride solution with 
continual shaking. A white precipitate 
of acetyl chloride-pyridine complex is 
formed. 

After the slow addition of the acetone 
condensate solution to the ice-cold acetyl 
chloride-pyridine complex has been com- 
pleted, the mixture is removed from the 
ice bath and allowed to stand at room 
temperature in diffused light (not in 
direct sunlight) for at least 15 minutes, 
but not more than 30 minutes, after 
which 20 cubic centimeters of dry ethyl 
alcohol are slowly added with continuous 
shaking. After a further standing at 
room temperature for five minutes, the 
solution is ready for titration with 0.5 
N sodium hydroxide solution using 
phenolphthalein indicator. 

A blank run is made simultaneously 
with the sample, using completely dupli- 
cate conditions except that no frozen 
distillate is added. This allows correction 
to be made for errors due to moisture in- 
advertently present. 

In the actual application of water- 
testing procedures for insulating liquids, 
mineral oil is one of the more important 
insulating liquids tested. As is well 
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known, this material will be found in 
commercial apparatus in all stages of 
oxidation. This oxidation results in the 
formation of volatile acidic materials. 
Such products entrapped in the refriger- 
ated tubes of the water-testing apparatus, 
will in themselves react with acetyl chlo- 
ride or the sodium hydroxide used for the 
titration and produce erroneous results. 
For mineral transformer oils in normally 
good condition, the correction factor is 
negligible but for oils in the higher stages 
of oxidation a correction in the water 
content value must be applied. This cor- 
rection corresponds to 7.3 parts per mil- 
lion of water content for each 1.0 milli- 
gram of potassium hydroxide per gram 
of oil used in the acidity titration. 


The Solubility of Water in 
Dielectric Liquids 


The amount of water dissolved by a 
liquid is a function of the chemical nature 
of the liquid itself and the conditions to 
which it is exposed. In the case of min- 
eral insulating oil, the degree of refining 
and the previous oxidation to which it has 
been subjected are factors of real im- 
portance. Figure 1 illustrates the effect 
of refining treatment on the solubility 
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Figure 1. The solubility of water in mineral 
transformer oil and the effect of the refining 
treatment 


of water in mineral transformer oils of 
low cold test. 

In the use of mineral oils, oxidation 
effects must not be ignored when water- 
solubility problems are considered. Oxi- 
dation promotes the emulsification of 
water and leads to increased water solu- 
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bility in the oil. Unless otherwise stated, 
only new, unoxidized mineral oils are used 
throughout this paper. 

Synthetic, noninflammable, dielectric 
transformer liquids in commercial use 
are the chlorinated derivatives of the 
benzenoid hydrocarbons. These com- 
pounds are characterized by a high re- 


TEMPERATURE °C. 
Figure 2. The solubility of water in transformer 
Pyranol 
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WATER SOLUBILITY AT EQUILIBRIUM - PARTS PER MILLION 
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Figure 3. The maximum amount of water 


absorbed by transformer and cable insulating 
liquids exposed to humid air 


sistance to oxidation and are, therefore, 
not susceptible to changes in water 
solubility during use. This fact is dem- 
onstrated in the data of figure 2 which 
describe the solubility of water in new 
and used Pyranol. 


The Hygroscopicity of 
Dielectric Liquids 


The data presented in figures 1 and 2 
are of interest and importance in indi- 
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cating the limiting values of solubility 
beyond which water cannot accumulate 
in the liquid without visible cloud forma- 
tion. Such values, however, give no 
indication of the sorptive ability of the 
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Figure 4. The absorption of water from humid 
air by transformer Pyranol 


liquid when exposed to less than water 
saturated atmospheres as in normal 
handling and use. 

Figure 3 illustrates the water solubility 
in transformer liquids at equilibrium 
with air, the water content of which is 
expressed in the commonly used terms of 
relative humidity. Figure 3 also com- 
pares the water sorptive characteristics 
of a typical, American, Pirelli-type, high- 
voltage mineral cable oil. The compara- 
tive Saybolt Universal viscosity values 
at 37.8 degrees centigrade for the three 
liquids are: 


Transformer Pyranol......... 55 seconds 
Transformer mineral oil....... 58 seconds 
Pirelli cableyoilje.c- eens 100 seconds 


The water equilibrium set up by an 
insulating liquid and the air with which 
it may be in contact is of importance in 
many commercial uses. In the handling 
of insulating liquids, however, it is also 
important to know the rate at which 
water is taken up by liquid. This is an 
extremely difficult practical problem 
since the speed with which a liquid ap- 
proaches its water equilibrium condition 
is dependent on a large number of em- 
pirical factors, prominent among which 
is the intimacy of contact between the 
liquid and the humid atmosphere from 
which the water is taken. Large surface 
exposure produced by liquid circulation 
or other means accelerates water ab- 
sorption. Figures 4 and 5 illustrate the 
rate of water absorption for mineral trans- 
former oil and for transformer Pyranol 
exposed to air of different humidities. 
In this work the liquids were exposed in a 


ELECTRICAL ENGINEERING 
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Paeeene state under the following con- 
ditions: 


Volume of liquid, 7,500 cubic centimeters 

Surface area exposed, 375 square centimeters 

Liquid depth, 20 centimeters 

Temperature of exposure, 
centigrade 


25 degrees 


The rate at which water is taken up by 
mineral oil is but little affected by those 
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Figure 5. The absorption of water from humid 
air by mineral transformer oil 
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duces the water content of the latter. 
The rate at which the water is trans- 
ferred from wet oil to the dry cellulose 
depends on factors similar to those which 
apply in the transfer of water from humid 
air to dry oil. Chief among these is the 
intimacy of contact between the cellulose 
fiber and the oil. Factors causing oil 
circulation, thus bringing a continuous 
supply of wet oil into contact with the 
paper insulation of a typical transformer- 
coil winding, will accelerate the moisture 
removal from the oil. Figure 7 illus- 
trates the water transfer for one specific 
setup in which the dried cellulosic insula- 
tion was immersed in wet transformer 
liquid maintained without circulation at 
25 degrees centigrade. 

The data of figure 7 were obtained by 
humidifying the transformer liquid at 
25 degrees centigrade. Kraft insulating 
paper (0.001 inch) was dried at 110 
degrees centigrade under a pressure of 
0.3 millimeter of mercury for 24 hours. 
The dry paper weighed 40 grams and was 
in the form of a cylindrical tube. The 
vacuum-dried paper, approximately 15 
square feet in area, was immersed in 1 1/, 


Figure 6. Compar- 
ing the water absorp- 
tion by _ insulating 
liquids of different 
viscosity when ex- 
posed to humid air 
at 25 degrees centi- 

grade 


8 10 I2 14 16 18 20 22 24 26 28 W 32 34 3% 38 40 
EXPOSURE TIME IN DAYS AT 25°C, 80 PERCENT RELATIVE HUMIDITY 


physical and chemical changes accom- 


panying increased oil viscosity. This is 
illustrated in the data of figure 6 which 
compare three mineral oils of the Gulf 
Coast crude type, with viscosities which 
range from 58 seconds to 195 seconds 
Saybolt Universal at 37.8 degrees centi- 
grade. 


The Transmission of Water 
Through the Insulating Liquid 
and Its Sorption by the Cellulosic 
Insulation Immersed Therein 


Cellulose has been described as a very 
hygroscopic material whose ability to 
absorb water is comparable to even the 
best of chemical desiccants.’? It 1s, 
therefore, not unexpected to find that 
dry cellulose immersed in wet oil, re- 
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quarts of the wet liquid contained in a 
two-quart sealed, glass container which 
was allowed to stand without agitation. 
Samples of the liquid were withdrawn 
at frequent intervals for measurement of 
the dissolved water content. 

Figure 7 is of value in indicating the 
rapidity with which dry cellulosic insula- 
tion will absorb moisture from the wet 
insulating liquid of atransformer. In ob- 
taining the data of figure 7, it must be 
emphasized that there was a limited 
supply of water available that held by 
the insulating liquid. As the water was 
removed from the latter, its water con- 
tent dropped until after about four days 
for the mineral transformer oil and 16 
days for the transformer Pyranol an 
equilibrium was established between the 
water-in-liquid and water-in-cellulose con- 
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dition, This equilibrium was substan- 
tially independent of the nature of the 
insulating liquid. 

Figure 8 illustrates the water transfer 
occurring when wet insulating paper is 
immersed in dry transformer liquids. 
These data were obtained during a test 
run in which 40 grams of paper, prepared 
by exposure for 48 hours to air at 70 
per cent relative humidity, 32 degrees 
centigrade, were immersed in the shape 
of a cylindrical tube in 11/2, quarts of 
dry insulating liquid, maintained through- 
out the test in a sealed container at 
25 degrees centigrade. It is obvious 
from the data of figures 7 and 8 that the 
direction of water transfer, whether from 
liquid to cellulose or cellulose to liquid, 
is dependent on the relative moisture 
content of the materials involved. 

In a sealed container, once the equilib- 
rium condition is reached between the 
water content of the cellulose and that of 
the insulating liquid, it cannot be con- 
sidered in an easily changed condition. 
This is illustrated in the data of figure 
9. Here the 25-degrees-centigrade data 
of figure 7 for dry paper in wet mineral 
transformer oil and that of figure 8 for 


MINERAL 


TRANSFORMER OIL 


TRANSFORMER 
PYRANOL 
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DISSOLVED WATER IN LIQUID-PARTS PER MILLION 


Figure 7. The dehydration of wet insulating 
liquids as a result of moisture absorption by 
dry cellulosic insulation immersed therein 
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DISSOLVED WATER IN LIQUID 
PARTS PER MILLION 


DAYS STANDING AT 25°C 


Figure 8. The absorption of water by dry 
insulating liquids in contact with cellulosic 
insulation previously exposed to humid air 
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wet paper in dry mineral transformer oil 
are plotted together. After the common 
equilibrium has been established, each 
setup is heated from a 25- to an 84-degree- 
centigrade liquid temperature. The 
equilibrium is substantially unchanged. 
This behavior is of real importance in 
transformer practice for it indicates the 
danger which results when moisture is 
allowed to be dissolved by the insulating 
liquid. When once the moisture is 
absorbed by the impregnated cellulose, 
unless it be present in abnormally large 
amounts, it is released again only by dras- 
tic treatment which involves the appli- 
cation of temperatures in the range of 
95 to 100 degrees centigrade and higher. 


The practical application of the data 
describing the absorption of water from 
wet oil by dry cellulose is made extremely 
difficult because of the importance of 
surface contact in determining the final 
equilibrium value. This is demonstrated 
in a series of tests in each of which is used 
the same amount of oil having the same 
initial water content. In each test, 
however, the amount of dry paper im- 
mersed in the oil is changed both in re- 
spect to the quantity present and the 
surface area exposed. In one setup 
two grams of vacuum-dried 0.001-inch 
kraft paper were immersed in the oil so 
that the total surface area of 1.50 square 
feet was entirely bathed by the liquid. 
In a second setup, 40 grams of the same 
vacuum-dried paper with a total surface 
area of 30 square feet were assembled in 
a cylindrical-shaped roll and immersed in 
the oil so that only the outer roll surface 
and ends were exposed to direct contact 
with the oil. An equilibrium was es- 
tablished between the paper and the oil 
in each case. With only two grams of 
well-exposed paper, 0.0082 grams of 
water was absorbed per gram of paper. 
With the compact roll assembly contain- 
ing 40 grams of paper, only 0.0014 gram 
of water was absorbed per gram of 
paper. 


436 TRANSACTIONS 


Poise oct ae Do 
ie Sa 


017-4 


Figure 9. The characteris- 
tics of the moisture equi- 
librium set up between 
mineral transformer oil and 
the impregnated cellulose 

insulation 
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The Dehydration of 
Insulating Liquids 


In the data already presented, it will 
be observed that in no instance has the 
presence of initially dry paper been able 
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Figure 10. The dehydration of transformer 

Pyranol by means of paper filtration at 25 

degrees centigrade with frequent changes of 
the filtering papers 


Used papers were replaced at the time of each 
test value indicated 


to reduce the water content of the di- 
electric liquid to zero. An equilibrium is 
ultimately set up which recalls the equilib- 
rium generally recognized to exist be- 
tween the water content of paper and of 
air. In the drying of cellulosic insulation, 
it is necessary to upset this equilibrium 
which is done in common practice by the 
use of heat and vacuum. The fact that 
an equilibrium also exists between water- 
in-liquid and water-in-cellulose indicates 


clearly that under some conditions as 
for example in the data of figure 8, the 
cellulose may impart water to the liquid. 
In like manner, an improperly dried 
blotter paper used in the filter-press 
treatment of the dielectric liquid, 
although removing suspended particles, 
may even lead to an increased oil- 
dissolved water content. It is further 
obvious that unless completely dried 
filter papers are successively supplied in 
the filtering treatment, the equilibrium 
ultimately established may prevent the 
lowering of the water content of the liquid 
to the desired safe value. 

Water in solution in mineral insulating 
oil or other dielectric liquid is removed 
only by careful and severe treatment. 
Figure 10 illustrates the difficulty of re- 
moving dissolved water from transformer 
Pyranol using a standard seven-inch 
blotter press. Despite the extensive use 
of new, dry filter papers, it was impossible 
to lower the dissolved water content of 
the Pyranol below ten parts per million. 

A modified filter press has been de- 
signed® which incorporates frames much 
deeper than those of the usual plate and 
frame press. These deeper frames give 
spaces which are filled with 80/300-mesh 
fullers earth. In the standard seven- 
inch press, sufficient capacity is provided 
for about one gallon of the fullers earth. 
With such a ‘“‘fullers earth” press, 
equipped with well-dried blotter papers 
of the usual type, complete liquid drying 
is more easily obtained. Using 30 gal- 
lons of Pyranol containing 116 parts per 
million of dissolved water, and a filter 
containing fullers earth previously dried 
at 200 degrees centigrade, the water con- 
tent of the Pyranol in parts per million 
is decreased as follows: 


Initial watercontents. 2 40 aaa 116 

After one pass through filter............ 9 

After one-half hour circulation through 
the: filtersy.,..2 << accu pn te eee 0 


It is customary in some instances to 


Figure 11. The rapidly applied a-c dielectric 


strength of mineral transformer oil as a function 
of its dissolved and suspended water content 
and the testing temperature 
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_ degas ur oil and other insulating 
liquids immediately after filter press or 
centrifuge treatment by passing the ma- 
terial through a vacuum chamber in the 
form of a thin film or spray; The assump- 
tion is usually made that such deaeration 
rapidly and effectively eliminates the 
dissolved water. This is not necessarily 
true. Mineral oil, even to the point where 
the dissolved air content is reduced to 
less than one per cent may still retain 
substantially large amounts of dissolved 
water. This was demonstrated in one 
form of commercial degassing equip- 
ment using mineral transformer oil con- 
taining 70 parts per million of water. 
After the degassing treatment, the oil 
still contained 46 parts per million of 
dissolved water. 


A Practical Method for the 
Quantitative Estimation of 
Dissolved Water 


A simple method for estimating the 
amount of water in solution in an in- 
sulating liquid involves the determination 
of its cloud point. Carefully carried 
out, the cloud point indicates that tem- 
perature below which the water in solu- 
tion exceeds the saturation value of the 
liquid and separates with the formation 
of faint cloud. This water separation 
becomes pronounced and forms a turbid 
suspension in the liquid as the tempera- 
ture is further lowered. This test pro- 
cedure is limited to those materials free 
or substantially free from wax so that the 
formation of a cloud due to wax separa- 
tion is avoided in the range of tempera- 
ture of interest in dissolved-water de- 
terminations. Since, in general, the di- 
electric liquids in common use are of the 
naphthenic type of mineral oil or are 
synthetic benzenoid compounds free 
from wax separation on cooling, this 


A.C. DIELECTRIC STRENGTH Kv. 75°C. 
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Figure 12. The effect of dissolved water on 
the rapidly applied a-c dielectric strength of 
mineral transformer oil tested at 75 degrees 

centigrade 


All dielectric strength tests were taken with 
a 0.20-inch gap setting 
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limitation is not of serious significance, 
The cloud-formation temperature rela- 


tion to the liquid dissolved-water content 


is obtained from figure 1 for mineral 
transformer oil and from figure 2 for 
transformer Pyranol. The dissolved- 
water contents shown in these figures are 
those of the water-saturated condition 
for the corresponding temperatures. 
These temperatures are, therefore, the 
cloud-point values since further increase 
in water content or a further decrease in 
temperature results in the formation of a 
visible cloud. 

The difficulty in the cloud-point test 
is that, except for the highest water con- 
tents, the test involves refrigeration with 
accompanying frost formation on the 
walls of the containing vessel and the 
necessity of protecting the liquid under 
test from water pick up due to frost for- 
mation on its surface. A suggested form 
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Figure 13. The rapidly applied a-c dielectric 

strength for mineral transformer oil tested at 

25 degrees centigrade as a function of its 
dissolved and suspended water content 


Points marked C indicate that the oil contains 

suspended as well as dissolved water. All 

dielectric strength tests were taken with a 
0.20-inch gap setting 


of test apparatus utilizes a clear vacuum 
bottle within which the liquid under 
test, contained in a clear-glass stoppered 
tube, is cooled at a standardized rate in 
accordance with principles of the method 
of test for the cloud and pour point of min- 
eral oils, described under designation 
D97-34 of the American Society for 
Testing Materials. 


The Effect of Dissolved Water 
on the A-C Dielectric Strength 
of Insulating Liquids 


Repeated researches have indicated 
that the dangerously low dielectric 
strengths normally attributed to the 
presence of water in commercial insulating 
liquids are to be associated as well with 
the accidental presence of suspended 
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Figure 14. The effect of temperature and 
dissolved and suspended water in the a-c rapid 


‘applied dielectric strength of transformer 


Pyranol 


Points marked C indicate that the oil contains. 
suspended as well as dissolved water. The 
figures on the curves indicate the total water 
content of the liquid. All dielectric strength. 
tests were taken with a 0.20-inch gap setting. 


solids such as dust particles, fibers, and 
the like.1~4 It is undoubtedly true that 
mineral oil or other insulating liquid 
may contain appreciable amounts of 
dissolved water and, in the absence of 
suspended impurities, still retain what. 
is commercially regarded as a good 
dielectric strength. This results in the 
fact, already indicated, that the dielectric- 
strength test as commercially applied 
does not give good protection against 
the insidious penetration of moisture 
through the liquid to the hygroscopic 
cellulosic insulation immersed therein. 
Irrespective of its effect on the dielectric 
properties of the liquid, unlimited pene- 
tration of moisture and its sorption by the 
cellulose must be avoided if satisfactory 
commercial operation of high-voltage 
apparatus is to be obtained. 

Because of the unavoidable variation 
in water content during the handling and 
testing of an insulating liquid, it has been 
most convenient to determine the dielec- 
tric strength of the liquid for at least 
four water-content values covering the 
range of interest and from the smooth 
line (average) relation established, to 
select definite values of water content 
for comparison and further technical 
analysis. Thus, for example, the 75-de- 
gree-centigrade data of figure 11 are 
based on the smooth-line relation of 
figure 12 which describes the dielectric 
strength of mineral transformer oil at 
75 degrees centigrade as a function of 
its dissolved-water content, the values 
indicated being experimentally deter- 
mined. In general, the basic experimen- 
tal data correlating the dielectric strength 
and the water content of the insulating 
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Figure 15. The comparative a-c rapidly ap- 
plied dielectric strength of dry transformer 
Pyranol and dry mineral transformer oil 


All dielectric strength tests were taken with 
a 0.20-inch gap setting 


liquid are eliminated for reasons of 
brevity. The analyses which are shown 
are based on selected points taken from 
the smooth-line relation correlating the 
experimentally determined values. 

The dielectric test results were ob- 
tained using brass electrodes meeting 
the requirements of the American So- 
ciety for Testing Materials, designa- 
tion D117-33. The gap distance used 
throughout was 0.20 inch. Tempera- 
tures recorded are the liquid temperature 
values at the time of test. In all in- 
stances, no dielectric-strength readings 
were made until the liquid had been at 
the testing temperature for several hours. 
The water-content values given include 
suspended as well as liquid dissolved 
moisture. The presence of suspended 
water is indicated. 


Figure 17. Therapidly applied direct-voltage 

dielectric strength of mineral transformer oil as 

affected by tem perature and its dissolved and 
suspended water content 


Points marked C indicate that the oil contains 

suspended as well as dissolved water. All 

dielectric strength tests were taken with a 
0.20-inch gap setting 


The rapidly applied dielectric strength 
has been determined in accordance with 
American Society for Testing Materials, 
designation D117-36, in which the voltage 
is evenly raised to breakdown at the rate 
of three kilovolts per second. 

To define adequately the effect of 
dissolved and suspended water on the 
dielectric strength of an insulating liquid, 
it becomes evident at once that the tem- 
perature of test must be carefully speci- 
fied. Practically speaking, a wide range 
of testing temperatures must be covered 
for liquid treated insulations are often 
used in high-voltage dielectric practice 
specifically because of the stability of 
their dielectric properties over a wide 
range of operating temperatures. In 
these tests, temperatures from —25 to 
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Figure 16. The comparative a-c rapidly ap- 

plied dielectric strength of mineral transformer 

oil and transformer Pyranol, each containing 
AO parts per million of dissolved water 


Points marked C indicate that the oil contains 

suspended as well as dissolved water. All 

dielectric strength tests were taken with a 
0.20-inch gap setting 


+75 degrees centigrade have been stud- 
ied. 

It has been pointed out in a previous 
publication® that the dielectric strength 
of mineral insulating oil as affected by 
temperature varies from oil to oil. With 
some oils, notably the viscous cable oils, 
the dielectric strength falls with tempera- 
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ture increase above room temperature. 
With mineral oils of the transformer type, 
the dielectric strength increases to a 
maximum with temperature increase 
above room temperature. The dielec- 
tric strength-temperature relation has 
been considered to reflect the solubility 
characteristics of dissolved air. In this 
study of the dielectric strength of min- 
eral oil as affected by the dissolved and 
suspended water content, available data 
are limited to the behavior of air-satu- 
rated mineral transformer oil prepared 
from Gulf Coast crude and having a vis- 
cosity at 37.8 degrees centigrade of ap- 
proximately 58 seconds Saybolt Univer- 
sal. With such an oil, the effect of tem- 
perature increase on the dielectric 
strength is a function of its water con- 
tent. The dielectric strength increases 
most rapidly with temperature increase 
from 25 to 75 degrees centigrade when 
the water content of the oil is held at low 
value. This is illustrated in the data of 
figure 11. 

In any study of the effect of water on 
the dielectric strength of mineral oil, 
difficulty is at once experienced because 
of water separation as the temperature 
is lowered. This limits the study of the 
effect of dissolved water to a narrow 
range of water contents as the lower tem- 
peratures are investigated. Thus, as is 
shown in figure 12, even with a water 
content as large as 120 parts per million, 
clear solutions are obtained at 75 degrees 
centigrade and the decrease in dielectric 
strength with increased water content is 
easily demonstrated. At 25 degrees 
centigrade, however, the limit of water 
solubility as indicated in figure 1 for 


Figure18. Therapidly applied direct-voltage 

dielectric strength of transformer Pyranol as 

affected by temperature and its content of dis- 
solved and suspended water 


Points marked C indicate that the oil contains 

suspended as well as dissolved water. All 

dielectric strength tests were taken with a 
0.20-inch gap setting 
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normally refined transformer oil is about 


70 parts per million. The higher water 
contents of figure 11 are, therefore, cloudy 
suspensions. It is only with wet oil free 
from suspended water that a clear effect 
of dissolved water on the dielectric 
strength can be demonstrated. The di- 
electric strength for oil containing sus- 
pended water is independent of the water 
content within the limits explored (figure 
13). For tests at lower temperatures 
similar results are obtained. 

Synthetic, noninflammable  trans- 
former liquids of the Pyranol type have 
already been described as possessing a 
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Figure 19. The comparative dielectric strength 

of dry mineral transformer oil and dry trans- 

former Pyranol tested under direct-voltage 
application 


All dielectric strength tests were taken with a 
0.20-inch gap setting 


maximum dielectric strength at about 
50 degrees centigrade.!” As illustrated in 
figure 14 this is true for such liquids only 
when containing small amounts of dis- 
solved moisture. With increased water 


Figure 21. The time-alternating (effective) 

voltage relation for transformer Pyranol as 

affected by the dissolved and suspended 
water content 


content the dielectric strength rises con- 
tinuously with the increasing tempera- 
ture of test. 

Insulating liquids of the Pyranol type, 
as shown in figure 14, are characterized 
by a continually decreasing dielectric 
strength with increased water content. 
No abnormality in the relation is ob- 
served at the point of cloud formation, 
indicative of water separation from solu- 
tion. 

The Pyranol type of transformer in- 
sulating liquid in normally dry condition 
possesses a dielectric strength which is 
superior to that of mineral transformer 
oil, Figure 15 compares the dielectric 
strength of these two typical transformer 
liquids as affected by temperature when 
dry. Figure 16 compares the dielectric 
strengths of the two liquids each con- 
taining 40 parts per million of dissolved 
water. 


The Effect of Dissolved Water 
on the D-C Dielectric Strength 
of Insulating Liquids 


Under rapidly applied direct voltage, 
transformer insulating liquids behave in a 
manner similar to that already described 
for a-c breakdown. Figure 17 describes 
the d-c breakdown of mineral transformer 
oil as a function of temperature and water 
content. The general resemblance to 
the a-c breakdown values of figure 11 is 
marked. The effect of dissolved water is 
most clearly demonstrated in the 75- 
degree-centigrade tests. And again, asin 
the alternating-voltage breakdown, the 
formation of a cloud in the oil tends to 
obscure the effect of further water addi- 
tions. 

Figure 18 describes the d-c dielectric- 
strength characteristics of transformer 
Pyranol. As in the a-c breakdown 
data of figure 14, the effect of water con- 
tent on the dielectric strength is marked. 

Figures 19 and 20 compare the d-c 
breakdown characteristics of mineral 
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Figure 20. The comparative dielectric strength 
of mineral transformer oil and transformer 
Pyranol each containing 40 parts per million 
of dissolved and suspended water and each 
tested under rapidly applied direct-voltage 
application 


All dielectric strength tests were taken with a 
0.20-inch gap setting 


transformer oil and transformer Pyranol. 
Figure 19 compares the materials in the 
dry condition. Figure 20 compares the 
materials each containing 40 parts per 
million of water. The dielectric strength 
of transformer Pyranol is generally higher 
than the dielectric strength of mineral 
transformer oil except at 75 degrees centi- 
grade, at which temperature the two 
liquids appear of equivalent dielectric 
strength under direct-voltage tests. 


The Time-Voltage Relation 


The time-voltage characteristic apply- 
ing to an insulating liquid is a property 
of difficult determination because of the 
sharp ‘“‘knee”’ which is obtained in the 
relation at a relatively short time inter- 
val. That part of the time-voltage rela- 
tion which parallels the time axis and 
which designates the voltage that can be 


Figure 22. The time-alternating (effective) 
voltage relation for mineral transformer oil as 
affected by the dissolved water content 


An arrow indicates that repeated applications of the voltage shown 
gave no dielectric breakdown within the time limitations of the test. 
All dielectric-strength tests were taken with a 0.20-inch gap setting 


O77-22 


wer 


A-C KILOVOLTS, 25 DEG C 


MINUTES OF VOLTAGE APPLICATION 


Aucust 1940, Vo. 59 


Clark—Water Solution in Dielectric Liquids 


7 
MINUTES OF VOLTAGE APPLICATION 


TRANSACTIONS 489 


bh 
Oo 


TRANSFORMER OIL 


A-C KILOVOLTS APPLIED AT 
UNLIMITED TIME VALUE 


fe) 10 20 30 40 50 60 70 
WATER CONTENT IN PARTS PER MILLION 


Figure 23. The “unlimited time’ voltage 

value for transformer Pyranol and mineral 

transformer oil as affected by the water content 
of the liquid 


All dielectric-strength tests were taken with a 
0.20-inch gap setting 


former Pyranol over the range of water 
contents of practical interest. 


The Relation of the Rapidly Applied 
to the “Unlimited Time” 
Breakdown Voltage 


In the use of insulating liquids it is most 
convenient and reliable to gauge the di- 
electric strength by means of a carefully 
controlled rapidly applied alternating- 
voltage test. The determination of the 
“unlimited time’’ voltage is difficult and 
time consuming. For both transformer 
Pyranol and mineral transformer oil, the 
‘unlimited time’’ voltage falls to approxi- 
mately 70 per cent of the usual rapidly 
applied dielectric strength value as the 


Figure 24. The 
time — direct-voltage 


relation for  trans- 


former Pyranol and 
mineral transformer 


oil each containing 
60 parts per million 


MINERAL TRANSFORMER OIL 


of dissolved water 
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An arrow indicates that repeated applications of the voltage shown gave no dielectric break- 


down within the time limitations of the test. 


All dielectric-strength tests were taken with 


a 0.20-inch gap setting 


applied without fear of breakdown within 
the experimental time limit, is called the 
“unlimited time’ value of voltage. In 
general, the maximum time allowed for 
breakdown in the work described has been 
limited to ten minutes. The electrodes 
used were duplicates of those employed 
in the rapidly applied test investigations 
and were spaced 0.20 inch apart. All 
tests were at 25 degrees centigrade. 
Both direct and alternating (effective) 
voltages have been studied. 

Figures 21 and 22 describe the time- 
voltage (a-c) relation for transformer 
Pyranol and mineral transformer oil as 
affected by the dissolved and suspended 
water content. Figure 23 compares the 
effect of dissolved water on the “un- 
limited time” voltage values for mineral 
oil and Pyranol. The relations estab- 
lished are of marked similarity. 

The direct-voltage-time relation for 
mineral transformer oil and transformer 
Pyranol bear strong resemblance to the 
alternating-voltage relation. This is 
indicated in figure 24 which illustrates the 
comparative behavior of these insulating 
liquids each containing 60 parts per mil- 
lion of dissolved water. Figure 25 shows 
the effect of dissolved water on the ‘“‘un- 
limited time’’ direct voltage for trans- 
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water content of the liquid is increased 
at 25 degrees centigrade. The relation 
is illustrated in figure 26. 


The D-C/A-C Ratio 
of Dielectric Strength 


The relation between the rapidly ap- 
plied d-c and the a-c (effective) dielectric 
strengths of mineral transformer oil and 


D.C.KILOVOLTS APPLIED AT UNLIMITED TIME VALUE 
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Figure 25. The ‘unlimited time’ direct- 


voltage value of transformer Pyranol as affected 
by its dissolved water content 


All dielectric strength tests were taken with a 
0.20-inch gap setting 


Clark—Water Solution in Dielectric Liquids 


of transformer Pyranol has no fixed value. 
The ratio obtained for mineral trans- 
former oil varies erratically between 0.89 
and 1.58 as the temperature of test and 
the water content of the oil are changed. 
For transformer Pyranol, the range in 
d-c/a-c ratio value is between 0.89 and 
VST. 

When the “unlimited time’’ voltage 
breakdown value is studied, a more con- 
sistent behavior of the d-c/a-c relation is 
observed. Figure 27 illustrates the ratio 
for transformer Pyranol using the “un- 
limited time’’ direct and alternating 
(effective) voltage values illustrated in 
figures 23 and 25. A ratio value linearly 
decreasing with the increased water con- 
tent of the Pyranol is obtained. These 
tests were taken at 25 degrees centigrade. 


Dielectric Loss 


Mineral transformer oil has been se- 
lected to illustrate the effect of water solu- 
tion on the dielectric loss. Several ex- 
perimental setups were arranged which 
allowed the oil to be exposed at 25 degrees 
centigrade to air having relative humidity 
values of 24 per cent and 65 per cent. 
The apparatus used was similar to that 
already described under the paragraph 
entitled ‘‘The Hygroscopicity of Dielec- 
tric Liquids.’’ Power factor and resis- 
tivity measurements were made at 25 
degrees centigrade. The power-factor 
measurement was at 60 cycles under 
3,000 volts. The resistivity was meas- 
ured after the application of 500 volts 
direct current for one minute. The 
electrode gap setting in all cases was 0.10 
inch. 

Figure 28 illustrates the power eee 
results obtained. From the dry-oil condi- 
tion the power factor rises rapidly with 
increased water content to reach a maxi- 
mum stable value at about 15 parts per 
million of dissolved water. Figure 29 
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Figure 26. The effect of dissolved water on 
the “unlimited time’ alternating-voltage value 
for transformer Pyranol and mineral transformer 
oil expressed in per cent of the corresponding 
rapidly applied dielectric strength 
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indicates a similar behavior for d-c 
resistivity measurements. 

In considering the data of figures 28 
and 29 it must be kept in mind that the 
oil tested was new oil uncontaminated by 
foreign materials or by oxidation prod- 
ucts, the effect of which would neces- 
sarily be determined by their chemical 
and physical properties. 

Cellulosic insulation is usually con- 
sidered to be very susceptible to dielectric 
change caused by water. The presence 
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Figure 27. The 25-degree-centigrade ‘‘un- 

limited time’’ d-c/a-c (effective) voltage ratio 

of dielectric strength for transformer Pyranol 
as affected by its dissolved water content 
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Figure 28. The effect of dissolved moisture 

on the 60-cycle power factor of mineral 

transformer oil measured at 25 degrees centi- 
grade 
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Figure 29. The effect of dissolved moisture 
on the d-c resistivity of mineral transformer oil 
measured at 25 degrees centigrade 
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Figure 30. The power-factor 
characteristics of vacuum- 
dried kraft paper insulation 
as affected by water absorp- 
tion after impregnation with 
transformer Pyranol and with 
mineral transformer oil 
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of conducting salts and hygroscopic 


organic material serves to explain this 


marked susceptibility. Figure 30 de- 
scribes the 30-degree-centigrade 60- 
cycle power-factor change in kraft-paper 
pads immersed in new mineral trans- 
former oil and in new transformer Pyra- 
nol which are each exposed to humid air 
under conditions similar to those apply- 
ing in the experimental setup of figures 
28 and 29. The kraft-paper pads were 
originally well dried under a pressure 
about 0.3 millimeter of mercury at 100 
degrees centigrade after which they were 
impregnated with the dry liquid. Al- 
though the data of figure 31 give no indi- 
cation of the amount of moisture ab- 
sorbed by the insulation, the test period 
covered several weeks and was sufficiently 
long for the insulation to reach an equilib- 
rium with the water content of the sur- 
rounding liquid. Figure 30 leads to the 
conclusion that liquid-dissolved water 
does constitute a hazard to the successful 
maintenance of low-loss impregnated 
cellulose insulation. With new and un- 
used insulating liquids, the 25-degree 
centigrade 60-cycle power factor of the 
impregnated cellulose insulation rises 
rapidly as the dissolved-water content 
of the impregnating liquid approaches 
and exceeds approximately 50 parts of 
dissolved water per million. 

The effect on the power factor of liquid- 
immersed cellulosic insulation produced 
by moisture absorption becomes more 
pronounced as the temperature is raised 
above 50 degrees centigrade, This is 
illustrated in the data of figure 31. In 
this instance, carefully dried and impreg- 
nated kraft-paper insulating pads were 
immersed for 21 days at 70 degrees centi- 
grade in transformer Pyranol, over the 
surface of which was maintained a layer 
of water about one-half inch deep. The 
sorption of water by the treated cellulose 
greatly increases the power factor at the 
higher testing temperatures. 
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Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement” to ELEc- 
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Lightning and Lightning Protection 
on Distribution Systems 


R. C. BERGVALL 


ASSOCIATE AIEE 


HE CONCEPTIONS of lightning 

and of lightning discharge currents 
through arresters have been altered and 
enlarged by recent studies. Until not 
long ago the most complete information 
available on the magnitude and wave 
shape of lightning surges on electric 
systems has been that obtained by the 
cathode-ray oscillograph investigations of 
lightning voltages, reported and discussed 
before the AIEE,! and elsewhere. Besides 
this there exists a large mass of data on the 
crest magnitudes but not the durations of 
currents in lightning strokes and arrester 
discharges. Based on the data available 
two conclusions have been generally held: 
one, that in a small percentage of dis- 
charges, the currents may be high, per- 
haps 65,000 amperes or more; and two, 
that the total duration of the discharge 
might be of the order of 100 micro- 
seconds, but not much more. Lightning- 
atrester design was based principally upon 
these conclusions. Arresters available 
during the past six or eight years have in 
general been able to discharge high cur- 
tents of the durations cited without 
damage. In the field, the over-all ex- 
perience with such arresters has been 
good. Throughout the country the 
average failure rate of Autovalve distribu- 
tion arresters manufactured during that 
period has been less than a quarter of one 
per cent per year. However, in rural 
locations in some parts of the country 
failure rates of three to four per cent have 
occurred. This is considered excessive. 
The variation in failure rates led to the 
suspicion, several years ago, that there are 
characteristics in arrester discharge cur- 
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rents that had not been taken into account 
and which are themselves influenced by 
such factors as lightning exposure, stroke 
characteristics, ground resistance, and 
system characteristics. It is true that to 
some extent the significance of the data 
may be obscured by failures from ab- 
normal system voltages and by the per- 
formance of obsolete arresters, but these 
factors were not sufficiently weighty to 
explain the observations. 


The purpose of this paper is to discuss 
the present state of our knowledge of this 
matter resulting from the observations 
and investigations of the authors and 
their colleagues. We do not propose to 
provide a complete answer at this time to 
the questions raised because insufficient 
field data exist. The authors hope that 
this paper will stimulate others to give 
the subject study. It is expected that a 
considerable volume of informative data 
will be available after another season’s 
research with ‘‘fulchronographs,” the 
recently developed surge wave recorders. 


Inspection of Arresters 


A systematic inspection of Autovalve 
arresters removed from service was under- 
taken several years ago by our associates. 
Arresters that had failed in service as 


. well as arresters which had not were 


examined. A surge discharge of high 
crest or of appreciable duration leaves a 
distinctive mark on the series-gap elec- 
trodes. This serves as an indication of 
crest current and duration if not ob- 
scured by power current. Crest currents 
above 3,000 amperes of short duration 
(less than 100 microseconds) leave marks 
like splashes. A low current of a few 
hundred to a thousand amperes of long 
duration (1,000 or more microseconds) 
produces a small pit with definite evidence 
of burning. Currents of high amplitude 
and long duration cause local melting of 
metal. A calibration of the appearance 
of the surge tracks as related to current 
magnitude and duration has been made. 
Typical results are shown in figure 1a. 
Comparisons of electrodes from ar- 
resters that had seen service were made 
with the laboratory calibrations. Figure 
1b shows representative field electrodes. 
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These are especially significant because 
all but number 5 came from arresters in- 
stalled on a line struck by lightning 
while it was unenergized. There is thus 
no question of masking by power current 
even in the cases where the arresters 
failed. Typical currents of high crest 
and short duration appear in 1, 2, and 3. 
The crests are of the order of 50,000 
amperes and the durations approxi- 
mately 50 microseconds. Number 2 has 
additional marks indicating other surges 
of lower crests. The elements of these ar- 
resters were not injured. Records 4 and 
5 are typical low-current long-duration 
markings. They indicate currents of the 
order of a few hundred to 1,000 amperes 
crest lasting several thousand micro- 
seconds; moreover they indicate that 
several such discharges took place. 
These arresters failed. Other data of the 
same nature have given similar informa- 
tion. The following conclusions were 
reached: 


1. Arrester discharge currents of low mag- 
nitude and long duration occur. 


2. Such discharges are more likely to 
cause arrester failure than very high cur- 
rents of short duration. 


8. As far as arresters in service are con- 
cerned, either type of discharge may occur 
independent of the other. 


4. It is important that field data be col- 
lected on the magnitude and wave shape of 
the discharge currents that prevail and 
which arresters must meet for a reasonable 
life expectancy under severe conditions; 
and to correlate these data with the factors 
that appear to influence the nature of the 
discharge currents in service. 


These conclusions definitely pointed 
to a revision of our thinking about 
lightning-arrester discharge currents. 
Other observed circumstances strengthen 
this opinion. 


Statistical Data on 
Arrester Performance 


Figure 2 gives an indication of the 
variation of arrester failure rates over a 
number of systems. This curve was 
plotted from statistical data presented by 
L. G. Smith before the AIEE in 1937.2 
One-half of the companies reporting ar- 
rester failure data on more than 1,000 
transformers experienced failure rates of 
less than 0.3 arrester per 100 trans- 
formers, but a few reported failure rates 
of two or more. The paper shows a 
ratio of four to one between rural and 
urban systems. Other significant data 
were presented by McEachron and Mc- 
Morris in 1938.3 Many crest measure- 
ments without duration of arrester dis- 
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Figure 1a. Surge marks on lightning-arrester gap electrodes 
obtained in laboratory tests 


1—57,000 amperes crest; 
microseconds total duration 


2—725 amperes crest; 10 microseconds to crest; more than 
4,000 microseconds total duration 


charge currents are reported there and the 
occurrence of arrester failures is appar- 
ently not related to their magnitudes or 
to their relative frequency of occurrence 
on different systems in different parts of 
the country. Figure 7 of that paper is of 
considerable interest. It compares the 
frequency of occurrence of crest currents 
of various magnitudes on two different 
systems. Although the Detroit data 
indicate a greater prevalence of high cur- 
rents, the observed failures of arresters are 
higher in Georgia. Low currents occur 
more often in Georgia than in Detroit. 
McEachron and McMorris report that 
68 per cent of the observed arrester fail- 
ures took place in Georgia although only 
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Figure 2. Statistical data on the relation be- 
tween number of companies reporting arrester 
failure rates on more than 1,000 transformers 


Number of companies considered, 33 


Data culled from reference 2. Includes all 
protective circuits, average of 1934, 1935, 
and 1936 reported data 
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12 microseconds to crest; 26 


34 per cent of all the records were ob- 
tained there. 


Stroke Characteristics 


Photographic studies of strokes by 
several investigators, for instance Schon- 
land and Collens, and Walter, indicated 
the probability that strokes may not only 
be multiple but also may involve moder- 
ate or low-current components of con- 
siderable duration. Stekolnikov and 
Valeev‘ in 1936 made records of lightning 
currents to a captive balloon. A rotating 
klydonograph used by them indicated 
that the duration of current flow lay be- 
tween 2,600 and 10,000 microseconds. 
McEachron’s work on the Empire State 
Building® also gave evidence of this phe- 
nomenon. Last summer, Wagner and 
Beck® obtained a complete record of the 
current in a direct stroke to the Cathedral 
of Learning of the University of Pitts- 
burgh which definitely showed both high 
short and low long components. The 
oscillograph studies on lines had not 
indicated that this occurred on systems, 
but the authors suspect that because of 
the sensitivity limitations of the cathode- 
ray oscillograph the low long component 
may have been present but not revealed. 

There is definite evidence that the long 
low components will frequently, if not 
always, appear in strokes to tall conduc- 
tors. It is probable that the characteris- 
tics of strokes to lines are different from 
those to high objects but there is sufficient 
evidence to be convincing that long- 
duration components appear also to some 
extent on lines when struck by lightning. 


New Recording Instrument 


The available measurements of stroke 
currents cannot be translated into ar- 
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Figure 1b. Surge marks left by lightning 
discharges through arresters in the field 


1—High short current 
9—Several discharges of high short currents 
3—High short current 
4—Several discharges of moderate current. 
Several hundred amperes, but of long duration, 
probably more than 4,000 microseconds 
5—Several discharges of moderate long cur- 
rent; 500 and 1,000 amperes, several thou- 
sand microseconds 


All plates but number 5 from arresters on 
unenergized line 


Arresters of 1, 2, and 3 were electrically un- 
damaged, Arresters of 4 and 5 failed 


rester duty until a significant volume of 
wave-shape data on strokes and arrester 
discharges in the field has been collected. 
This had not been done for lack of a 
recording device sufficiently low in cost 
to be installed in considerable numbers. 
The invention of the fulchronograph by 
Wagner and McCann described by them 
in a contemporary paper has made the 
needed device available. 

It is evident that crest currents only 
without the important factor of duration 
did not give a complete understanding of 
arrester duty. The work has been begun. 
In co-operation with a number of utilities, 
many fulchronographs were installed 
during the summer of 1939, and already 
a considerable number of records has 
been obtained. 

The fulchronograms of discharges 
through arresters in service are not yet 
of the desired technical significance. No 
records have been obtained accompanied 
by arrester failure. Records falling to- 
ward the expected extremes of high 
current or of long duration have not 
been secured. They do indicate, how- 
ever, that arresters sometimes are called 
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upon to handle, and do so successfully, 
considerable blocks of current (figure 3) 
appreciably in excess of the existing AIEE 
standard test. The paucity of heavy 
surges is not unexpected, inasmuch as 
experience with fixed link records as well 
as with arresters indicates that harmless 
currents are much more frequent. Some 
typical fulchronograms are shown in 
figure 3. These are all records of dis- 
charge through individual phase legs of 
arresters. Numerous records have been 
made of discharges of less than 1,000 
amperes and short duration. 

The observations and tests discussed in 
the foregoing show that the occurrence of 
long-tailed moderate-current surges ac- 
counts for the abnormally high failure 
rates experienced in certain rural regions 
on the basis that in these regions ar- 
resters must discharge such surges more 
frequently. The ability of the De-ion 
protector such as is used in the CSP 
transformer, to handle currents of long 
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Figure 3. Typical records of discharge cur- 

rents through single-phase legs of lightning 

arresters in service, obtained with the fulchrono- 
graph 
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duration probably accounts to a large 
extent for its low failure rate in service. 


Effect of System Characteristics 


Low-current discharges through ar- 
resters are fairly common. This is 
demonstrated, for instance, by published 


Figure 4.  Surge- SUBSTATION 

current drainage eee Ri 
paths in parallel Saas 

with distribution ar- SUPPLY 

resters EH [ 

For I, see figure 5, Ti 


and |, see figure 6 


E,—Arrester counter voltage 


substation and distribution transformers 
are in parallel with the arresters and pro- 
vide possible paths to ground for part of 
the current in long surges. A study was 
made of the current drainage characteris- 
tics of these shunt paths. The following 
discussion covers a typical example to 
illustrate the effects of system characteris- 


060-4 


STROKE “A” 
XI of] I2 


LINE TRANSFORMERS 


E,—Allternating voltage to neutral 


To use figure 5, calculate a-c short-circuit current at arrester nearest stroke with sufficient accu- 


racy by using R=(Ri+R:) and X=(X,;+X2) (60 cycles), where Xi is taken as 0.75 ohm 


per mile and Xz is the substation transformer plus supply-system leakage reactance. 


Variation 


of R; through a 10-50 ohm range does not change /; appreciably 


data.* Figure 3 of the reference indicates 
that among 100 rural arrester installa- 
tions, discharges of the following crest 
magnitudes (no data on duration) may 
be expected. 


Amperes exceeding: 


500 1,000 2,000 5,000 10,000 15,000 
Discharges per year: 
40 33 20 if 3 By, 


If the comparatively numerous low- 
current discharges through arresters were 
all or to a major extent of the long 
duration which might be expected from 
the observed stroke characteristics, labo- 
ratory tests on all types of distribution 
arresters would lead us to expect much 
higher arrester failure rates than those 
experienced and published.? Since many 
strokes evidently have these long low- 
current components there must be drain- 
age effects present in many instances 
that relieve arresters installed on systems 
of some of this current. 

Line flashovers from steep-front strokes 
to the line at points remote from ar- 
resters will by-pass a large proportion of 
the surge current. The effects of soil 
resistivity both on the degree of current 
drainage and perhaps on the character 
of the stroke itself may partly explain 
the difference in failure rates. In gen- 
eral, it has been found that where soil 
resistivity is high, arrester failures are 
more frequent. In addition to this, 
however, variations in arrester failure 
rates between locations resembling each 
other in insulation levels and soil resis- 
tivity point to another factor. 


On grounded-neutral 


systems, both 
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tics. In figure 4 is shown a long single 
phase circuit with distribution trans- 
formers and arresters, fed by a substation 
transformer. A stroke to the first ar- 
rester will discharge initially through it 
and possibly also through adjacent ar- 
resters depending on the surge front. 
With a steep-front stroke close to, or a 
slow-front stroke remote from an ar- 
rester, line flashover will not occur and 
all of the stroke current is carried by the 
arrester or arresters discharging first. 
The stroke current flowing into the 
system is assumed, for purposes of cal- 
culation, to have a low-current component 
of 1,000 amperes of such length that it 
may be considered a direct current. For 
durations of 1,000 microseconds or more 
this is entirely justified. This current, 
discharging through the arrester, produces 
a voltage at the arrester terminals, which 
in turn is impressed on the system. The 
magnitude of the voltage is the counter 
voltage of the arrester corresponding to 
the discharge current. Laboratory tests 
(figure 11) show that the counter voltage 
of the Autovalve arrester under these 
conditions is, in round numbers, 6,000 
volts per 3,000 volts of arrester rating. 
This is not the crest arrester voltage on 
the volt-ampere curve but a voltage on 
the descending part of the curve, near 
the so-called “cut-off”. The initial volt- 
age while carrying high current can be 
neglected because of its short duration. 
For purposes of calculation, then, it is 
assumed that 6,000 volts per 3,000 volts 
of arrester rating are applied continuously 
to the resistance and inductance of the 
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Figure 5. Surge 
current drained from 
arrester through line 
conductors and sub- 


station transformers 
(Current h, in fig- 
ure 4) 


These curves based 
on Eyg=2.5E, which 
is an arrester 
counter voltage of 
6,000 on a 2,400- 
volt circuit or 
18,000 on a 7,200- 

volt circuit 


Since the range of a-c fault current (/p) on a feeder is generally known, the drainage current |, 


which is proportional to it, was plotted accordingly. 


To use the curves, calculate |, from R, X 


(60 cycles) and E,, of the figure 4 system, and use the appropriate R/X ratio curve in plotting the 
leakage current /; versus time 


circuits through the supply and dis- 
tribution transformers. These were found 
to have entirely different characteristics. 

The substation transformer has con- 
nected to its receiving winding the supply 
system of low impedance. The current 
TJ, of figure 4 to the substation ground will 
build up through the inductance of the 
line, the leakage inductance of the trans- 
former and the supply source, that is, 
in the ordinary a-c short-circuit path. 
In figure 5, J; is plotted per 100 amperes 
of feeder fault current for several values 
of the ratio R/X. These curves apply 
to higher voltage as well as 2,400-volts-to- 
neutral systems because the arrester 
counter voltage is proportional to the 
arrester rating. With small conductors, 
(R/X =2/1 to 5/1, the drainage current 
to the substation ground is soon limited 
by line resistance. 

The current J, flows in the other drain- 
age path through the distribution trans- 
formers to ground. Since the secondary 
load impedances are high this current 
must build up through the magnetizing 
path. To determine the growth of cur- 
rent Jo, a 11/.kva distribution trans- 
former was subjected to suddenly applied 
continuous potential and the current 
measured by an oscillograph. Figure 6 
shows the increase of current in terms of 
full load rms current of the transformers 
with 6,000 volts continuous applied to 
2,400-volt windings or 18,000 volts ap- 
plied to 7,200-volt windings. Until the 
iron begins to saturate at about 1,000 
microseconds the current flow is imper- 


_Aucust 1940, VOL. 59 


ceptible but after this it increases rapidly. 
The 1,000 microseconds applies under the 
conditions of test with no flux in the iron 
at the instant of application of the 
voltage. If the lightning voltage is ap- 
plied at the instant the flux is zero, the 
curve applies as it stands. If the voltage 
appears when the flux is at its peak in the 
same direction, the time is much less, 
possibly zero. If it appears when the 
flux is at its opposite peak, the time will 
be much greater up to about twice 1,000 
microseconds. To consider the most 
severe conditions it is assumed that 2,000 
microseconds elapse before J, starts to 
flow. 

The total current, J; plus J:, that is 
drained away from arresters on typical 
2,400- and 7,200-volt distribution sys- 
tems is shown in figure 7. Up to 2,000 
microseconds the drainage may be 
through the substation transformers only. 
Curves 1 and 2 show that for strokes 
near substations (3,000 to 1,000 kva, 
three phase) current is drained away 
rapidly. This also applies to a less ex- 
tent on short heavy city feeders as 
shown in curve 3. Suburban and heavy 
rural circuits are represented in curves 
4 and 5. Curve 6 applies to a typical 
rural circuit, while curve 7 represents 
extremely light rural distribution. 

From curves 1, 2, and 3 of figure 7, 
it is apparent that for 1,000-ampere 
surges of long duration, the arrester dis- 
charge current will be reduced to zero in 
from 130 to 700 microseconds in city 
locations but for typical suburban dis- 
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tribution as indicated by curve 5, the 
arrester current will persist for some 
2,500 microseconds where it is abruptly 
limited by drainage of current through the 
line transformers, The shape of curve 5 
shows also that the suburban arresters 
are subjected to a higher average current. 


On light rural systems the situation is 
the most unfavorable. The small size 
of the supply transformer and the high 
resistance of the line prevent much 
drainage to the substation. Fifteen miles 
of number 8 copper has a resistance of 53 
ohms, which would pass only 340 am- 
peres at the 18,000-volt counter voltage 
of a 9,000-volt arrester usual on a 
7,200 volt system. Furthermore, the 
light branch fuses on these circuits are 
blown easily. With blown fuses, only the 
limited capacity of the distribution trans- 
formers can be depended upon for drain- 
age, so conditions on grounded-neutral 
rural lines may be even worse than shown 
by curve 7. 


In this connection it is suggested that 
the drainage of appreciable amounts of 
surge current through transformers may 
explain the occasional blowing of light 
transformer fuses with arresters con- 
nected on the line side of the fuses and no 
discernible evidence of flashover on the 
transformers. 


TIMES FULL-LOAD ALTERNATING CURRENT 


D-C SURGE CURRENT 


2000 2400 


1600 
MICROSECONDS + 1000 
DEPENDING ON A-C POLARITY 
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Figure 6. Surge current drained from arrester 
through magnetizing path of line transformers 


(Current /. in figure 4) 


Based on applying direct voltage of 2.5 times 
rms alternating voltage rating of transformer, 
that is, E,=2.5E, (figure 4) which is an ar- 
rester counter voltage of 6,000 on a 2,400- 
volt circuit or 18,000 on a 7,200-volt circuit. 
Load impedance is so high that secondary was 
considered open-circuited 
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While there are other factors already 
enumerated to be considered, experience 
has shown that the failure rate of ar- 
resters increases progressively with con- 
ditions represented by the ascending 
curve numbers of figure 7. We would 


also expect from this analysis that ar- 
rester failure rates on free-neutral systems 
should be higher than on grounded-neu- 
It is further significant 


tral systems. 
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Application of Conclusions to 
Arrester Construction 


The observations and investigations 
discussed in the foregoing explain to a 
large extent, at least, the variations in 
arrester failure rates on distribution 
systems as well as the probable causes of 
high failure rates. Thus far, the data 
presented are relative because not enough 


Below 2,000 micro- 
seconds, all current 
flows to the substa- 
tion. (Current | 
calculated from fig- 
ure 5). Above 
9,000 microseconds, 
the line transformers 
begin to saturate and 
In, calculated from 
figure 6, increases 
sharply. Actually, 
this may occur at any 
time from zero to 
2,000 microseconds, 
depending on the in- 
stantaneous magni- 
tude and polarity of 
the a-c magnetic flux 
in the iron at the 
time of the stroke. 
Refer to table below 
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Figure 7. Total current drained from arresters through transformers of typical distribution 
systems 


Curve Number: 
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that the locations of abnormally high dis- 
tribution-arrester failure rates mentioned 
early in the paper fall in the region of 
curves 5 to 7. 

The fulchronograms reproduced in 
figure 3 were recorded on arrester phase 
legs installed at a transformer whose 
neutral is grounded. The circuit char- 
acteristics are such that for the as- 
sumptions made in figure 7, the current 
drained from the arresters should be in 
the region of curve 2. This curve pre- 
dicts an arrester discharge duration of 
not much more than 300 microseconds. 
The fulchronograms of figure 3 appear 
to corroborate the calculations. Ap- 
parently, all of the evidence available to 
date supports the conclusions. 
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information on the actual wave shapes of 
discharge currents through arresters are 
at hand. Nevertheless, the conclusions 
appeared of sufficient importance two 
years ago to warrant an active investiga- 
tion of arresters’ ability to handle long 
discharges with the object of increasing 
this ability, without sacrifice of any of 
the high current capacity or protective 
characteristics. After all, the significance 
of the conclusions lies in whether they 
can be translated into a new and better 
arrester. Experience with an arrester 
tailored to these new concepts has been 
favorable. It gives additional corrobora- 
tion and clarification to the aspects al- 
ready discussed. The extremely low 
failure rate experienced with these ar- 
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resters indicates that an increase in the 
ability to take long surges increases the 
immunity to failures in service. 


Field Experience 


On a system which, in the past, has 
had a distribution-arrester failure rate at 
the top of figure 2, a direct comparison 
between two arrester types is available. 
One type is the new one under discussion. 
The other is the superseded Autovalve 
arrester, with equal ability to handle high 
currents of short duration, but with less 
ability to take the long low ones. In 
a total of 950 of the new arresters in 
service during the 1939 lightning season, 
there were no failures, against a failure 
rate of several per cent on the others 
during the same period. 

For lack of measured data, the ultimate 
demands in long current-carrying capacity 
are not yet known. Nor is it known 
exactly what can be done economically 
to meet what those ultimate demands 
may turn out to be, or to what degree 
the new arrester meets them. It will not 
eliminate failures entirely. However, 
on the basis of laboratory tests and field 
experience, it is expected that even in the 
unfavorable locations the failure rate will 
be low. 


Figure 8. 


3,000-volt Autovalve distribution 
lightning arrester, cutaway section 


1—Porcelain-insulated main gap 

2—Gap electrode with preionizing tips 

3—Quenching gaps 

4—Autovalve element with white insulating: 

coating 
5—Insulating coating cut away from element 
for purpose of illustration 

6—Terminal plate, ground lead, and ferrule 

soldered together 
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The first field-trial installations were 


- made in 1939, to gather operating ex- 


perience before the design was adopted for 
production. Several thousand units were 
placed in locations where previous fail- 
ure rates have been higher than normal, 
Two hundred fifty were in service 
throughout the 1938 season. No failures 
occurred. By the end of 1938 some 
1,200 were installed. Before the spring 
of 1939, the number was 4,000, and this 
had more than doubled by the fall. 
There has been a total of four failures; 
one of these was definitely caused by 
system voltage. The other three oc- 
curred late last summer on the same 
system near the ends of lines. Inspection 
of these three arresters indicated that 
they were caused by lightning. Thus 
the lightning failure rate has been 0.043 
per cent compared to the quarter of a 
per cent mentioned in the first para- 
graph of this paper. 


Construction 


The principal factor in determining the 
ability of the arrester to discharge long 
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surges is the valve element. Its failure 
can be thermal, or it can be caused bya 
function involving current density, volt- 
age gradient, and duration of discharge. 
In long-duration discharges the latter 
cause is more weighty than the thermal. 
The recognition of this was important for 
it pointed out a means of making a dis- 
tribution arrester of large current-carry- 
ing capacity without increasing its cross 
section. If the length of the block is 
doubled and its composition adjusted so 
that the total voltage across it during dis- 
charge is the same as in the case of the 
shorter element, the voltage gradient is 
halved. This reduction in voltage gra- 
dient effects a large increase in the ability 
of the elements to handle discharges of 
long duration. The use of such an 
element in the arrester is the major 
reason for its large discharge ability. 
Other detail features permit the utiliza- 
tion of the valve material to its full 
capabilities; such as a newly developed 
insulating coating and a particular de- 
sign of terminal for making contact with 
the valve blocks. 

The series gap structure consists of a 


1—Successive _im- 


pulse breakdown 
tests on a 3,000-volt 
arrester. Rate of 


rise of test voltage 
40 kv per micro- 
second. No time 
deflection used in 
oscillograph. Volt- 
age deflection from 
left to right. Véerti- 
cal line marked 19 is 
crest of 60-cycle 

breakdown 


10 2e 


9—Volt-time curve 
of same arrester on 


AIEE test wave 
shown in 4 
3—Volt - ampere 


characteristic of same 
arrester, test current 
10 ; as in 4 
4—Ampere - time 
characteristic of test 
current used in 2 and 


2) 
5—Ampere - time 
characteristic of 


9,000-ampere test 
current used in 6 


6—Volt-time char- 
acteristic of 3,000- 
volt arrester on test 

wave shown in 5 
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Figure 9. Impulse characteristics of new distribution arrester 
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Figure 10. Natural lightning- 
stroke current discharged 
through 3,000-volt distribution 
arrester of the type described 
in the text 


QO 200 400 


500 1000 
MICROSECONDS 
The current was derived from a lightning 
stroke to the Cathedral of Learning Building 
in Pittsburgh. The current was recorded by 
a fulchronograph. After this test, the arrester 
was checked in the laboratory and found 

unchanged in its characteristics 


quenching gap, item 3 in figure 8 with high 
60-cycle interrupting ability, and a por- 
celain-insulated line or main gap, items 
land 2. The high interrupting ability 
of the gap provides a margin of safety 
against failures from high system voltage. 
The use of mica spacers in the quenching 
gap and of a special main gap electrode, 
item 1, provides preionization of the gap 
spaces and produces low and consistent 
impulse breakdowns, as illustrated in 
oscillogram 1 of figure 9, which also 
shows the discharge characteristics of the 
arrester on the basis of AIEE standards. 
The favorable impulse ratios obtained 
with this construction permit the incor- 
poration of a high 60-cycle breakdown, 
thereby providing additional margins 
against dynamic voltage failures. 
During the development of this ar- 
rester, many tests were made with 
moderate discharge currents of long 
duration as well as with high cur- 
rents. A novel test was completed when 
a lightning stroke occurred to a measuring 
station on the roof of Pittsburgh Uni- 
versity’s Cathedral of Learning.* The 
entire stroke current was discharged 
through one of the new distribution ar- 
resters, connected in the stroke-current 
circuit, and was recorded by a fulchrono- 
graph. This current is shown in figure 
10. Subsequent laboratory tests on the 
arrester showed that its condition had 
not been altered by the discharge. As 
far as the authors are aware, this is the 
first time that an arrester has deliberately 
been put in the path of a stroke and suc- 
cessfully discharged the full stroke cur- 
rent. The performance of the arrester on 
laboratory surges of long duration and of 
high magnitude are shown in figures 11 
and 12. Oscillogram 1 of figure 11 is 
typical in shape of the surge used in rou- 
tine testing of valve elements to insure 
the use in complete arresters of only 
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Microseconds 


Performance of distribution ar- 
rester on long surge 


Figure 11. 


1—Discharge current through arresters used in 
recording 2, 3, and 4 
9—Volt-time characteristic of 3,000-volt 
arrester with discharge current of 1 
3—Volt-time characteristic of 9,000-volt 
arrester with discharge current of 1 


The points on 2 and 3 marked 6.2 and 18.1 kv 
are the voltages corresponding to 1,000 am- 
peres in 1. These are the basis for assuming 
6,000 volts per 3,000 volts of arrester rating 
in the derivation of figures 5, 6, and 7 


4—Volt-time characteristic of 9,000-volt 
arrester With long time scale. This oscillo- 
gram shows that there is voltage across the 
arrester even after 4,000 microseconds, indi- 
cating that the arrester is still discharging cur- 
rent. In 1, the current is not discernible after 
150 microseconds because of the current scale 
used 


elements able to handle long-tailed dis 
charges. 

This test surge used on distribution ar- 
rester elements resembles the recorded 
discharge currents of figure 3, but is 
longer in duration. The routine test is 
made while the arresters are excited at 
rated 60-cycle voltage. The adoption of 
such a test procedure is perhaps as im 
portant a development as the new con 
struction used in the arrester. 

Other characteristics have been given 
due weight in the development, such as 
safeguards against lockouts by failed ar- 
rester on low-capacity systems, and the 
avoiding of interference with radio re- 
ception. Discussion of these is without 
the scope of this paper. However, the 
authors wish to say a few words on the 
matter of radio interference. 

Radio interference has not been a prob 
lem in arresters constructed during the 
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past eight years. Laboratory tests with 
standardized radio-noise-measuring tech- 
nique are factors in the development of 
any arrester. However, a considerable 
amount of attention is being directed to 
this subject as well as to so-called ioniza- 
tion currents, synonymous with radio- 
For this reason it is to 
be desired that the committees concerned 
with this question adopt standards of 
permissible microvolt levels to which 
the industry will subscribe and adhere. 
In this connection, it may be of interest 
that in the arrester discussed in this paper 
the occurrence of low ionization currents 
at a voltage below actual arrester break- 
down but above its rating is promoted 
and utilized to achieve low and consistent 
impulse breakdown. 


noise currents. 


Summary 


The text of this paper concerns itself 
almost entirely with one aspect of the 
problem of distribution circuit protection, 
that of arrester discharge currents and the 
There are 
other phases of the problem such as the 


lightning-arrester failure rate. 


important one of protection to equipment 
At this time, however, it is believed that 
the most important problem is the matter 


Table I. 


Summary of Arrester Characteristics 


Arrester rating, volts 

60-cycle breakdown, 
volts rms 

Impulse breakdown, 
volts crest* 


3,000..... 6,000 9,000 


14,000. . 24,000 35,000 


20,000... 40,000.....58,000 

Discharge voltage at 
1,500 amperes ft 
5,000 amperesf. . 


10,000 amperes t 


2,000nee 


5,000... 


25,000 


07,000 
.30,000.....4 
5, 
5 


000 
500 
,500 


orN ost 


20,000 amperest 


The above values are average 


* On front of 50 to 100-kv-per-microsecond test 
wave. 
t 10 by 20-microsecond current wave. 
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Figure 12. Performance of distribution ar- 
rester on high discharge currents 


4—High current discharge through 3,000-volt 
arrester 
Volt-time characteristic of 3,000-volt 
arrester with discharge current of 1 
3—High current discharged through 9,000- 
volt arrester 
4—Volt-time characteristic of 9,000-volt 


arrester with discharge current of 3 


ine) 


The difference in current between the 3,000- 

and 9,000-volt arresters is caused by the differ- 

ence in the counter voltage of the two. Both 

were tested in the same surge-generator cir- 

cuit. The voltage across the 9,000-volt 

arrester for the current in 1 is three times the 
voltage recorded in Q 


of eliminating as far as possible the 
failures of protective devices even under 
severe operating conditions. It is hoped 
that the work described in the paper has 
contributed to the solution of this prob- 
lem, and there is some reassuring evidence 
that it has, contained for instance in 
the field records of an arrester designed to 
meet conditions disclosed by the studies 
already outlined. 

Much research has been done on light- 
ning, particularly on the lightning stroke. 
This will no doubt result, in time to 
come, in important new concepts of pro- 
tection. However, the present practical 
aspect of the protective problem is con- 
cerned with the discharges through light- 
ning protective devices in service, and not 
with the currents in direct strokes. For 
this reason, the authors attach the 
greatest importance to an accumulation 
without delay of a volume of statistical 
data on the magnitude and wave shape 
of such discharge currents, to permit a 
definite evaluation of the present means of 
protection, the economic possibilities, 
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Watt-Hour-Meter Performance 


Ber With Power Rectifiers 


C. T. WELLER 


MEMBER AIEE 


Synopsis: This Paper gives the results of 
tests made principally to determine the 
effect of 6- and 12-phase mercury-arc 
power-rectifier loads on the performance of 


_ typical polyphase watt-hour meters. Sche. 


matic diagrams of the connections used and 
oscillograms of the rectifier voltage and 
current waves are included. The results 
indicate that the effect to be expected will 
be well within one per cent. 


I" IS well known that mercury-arc 
power rectifiers introduce harmonics 
in the alternating supply current and 
voltage waves !-4 and this has been 
thought to affect adversely the accuracy 
of watt-hour meters on circuits including 
rectifiers. The subject has been in- 
vestigated previously, notably by Dan- 
natt,® but interest in it is still current. 
It was considered highly desirable, 
therefore, to make more comprehensive 
tests, utilizing the best obtainable equip- 
ment and methods, to determine the 
actual effect of commercial types of 6- 
and 12-phase rectifiers under approxi- 


Paper 40-42, recommended by the AIEE committee 
on instruments and measurements, and presented 
at the AIEE winter convention, New York, N. Y., 
January 22-26, 1940. Manuscript submitted 
November 9, 1939; made available for preprinting 
December 28, 1939; released for final publication 
March 5, 1940. 
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mate conditions of service on the per- 
formance of typical polyphase watt-hour 
meters used with instrument transform- 
ers. At the suggestion of W. C. Wag- 
ner, a var-hour meter (reactive-volt- 
ampere or rva-hour meter) was included; 
also included was a portable power. 
factor meter. 

In these tests, the performance of five 
watt-hour meters was determined at 
various loads, first with one of the two 
rectifiers and second with a sine-wave 
supply under corresponding three-phase 
conditions. The differences between the 
meter accuracies thus obtained are a 
measure of the effect of the rectifier and 
are referred to the sine-wave results as a 
standard. A similar procedure was fol- 
lowed for the var-hour and power-factor 
meters. 

The paper first summarizes the test 
results, then describes briefly the appara- 
tus tested and the related theories of 
performance, outlines the procedure 
followed, and discusses the data obtained. 
The ratings of the apparatus are given in 
table I and part of it is shown in figures 
1 and 2. Schematic diagrams of the 
test connections are shown in figures 3 
and 4 and the measurement equipment in 
figure 5. 


Summary of Results 


The results of the watt-hour meter 
tests are given in table II, which shows 
that the maximum change in watt-hour 
meter performance due to the effect of 
the rectifiers is less than 0.5 per cent. 


and the prediction of the failure rates of 
protective devices under the conditions 
of service that are encountered. 


Bibliography 


1. AIEE LIGHTNING REFERENCE BOOK. 


2. DISTRIBUTION TRANSFORMER LIGHTNING PRO- 
TECTION Pracrice—II, L. G. Smith. AIEE 
TRANSACTIONS, volume 57, 1988 (April section), 
page 196. 


3. DISCHARGE CURRENTS IN DISTRIBUTION AR- 
RESTERS—II, K. B. McEachron and W. A. 
McMorris. AIEE TRANSACTIONS, volume 57, 
1938 (June section), page 307. 


4. L’Erupr pE LA FOUDRE DANS UN LABORATOIRE 


Aucust 1940, VoL. 59 


DE CAMPAGNE, Stekolnikov and Valeev. CIGRE, 
1937, Bulletin No. 330. 


5. LIGHTNING TO THE EMPIRE STATE BUILDING, 
K. B. McEachron. Journal of the Franklin Insti- 
tute, volume 227, February 1939. 


6. Drrect STROKE PROVES LENGTH OF LIGHTNING 
Tam, C. F. Wagner and Edward Beck. Electrical 
World, July 29, 1939, page 37 


Discussion 


Discussion will be found in the 1940 
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Table II gives the detailed effects or the 
differences between the accuracies ob- 
tained with the rectifiers and with a 
sine-wave supply at corresponding points 
for the five watt-hour meters tested. 
The accuracies so obtained in the 6-phase 
rectifier tests are included in table III 
and are plotted in figure 8; the 12-phase 
rectifier results are plotted in figure 9. 
In general, the results obtained with the 
two rectifiers and the two types of meters 
are similar in magnitude. In both tests, 
the rectifier effect tends to decrease the 
meter speed at light load. At higher rec- 
tifier outputs, the 6-phase effect tends to 
increase the meter speed, whereas the 
12-phase effect becomes negligible. 

Three representative oscillograms taken 
during the 6-phase rectifier tests are 
shown in figure 6 and the analyses are 
given in table IV, part 1. This table in- 
cludes an analysis of the oscillogram 
shown in figure 7 for a 12-phase rectifier. 
The maximum harmonics occur with the 
6-phase rectifier, but the harmonic 
power is small, as indicated in table V. 

The results of the var-hour meter tests 
are given in table III and are plotted in 
figure 10. The maximum change shown 
in var-hour meter performance due to 
the 6-phase rectifier is less than one 
per cent. The rectifier effect tends to 
increase the meter speed at light load and 
to decrease it at higher outputs. 

Table III also gives the results of the 
power-factor meter tests, together with 
the instrument readings from the watt- 
hour meter tests. Three values of power 


Figure 1. Six-phase mercury-arc power-recti- 
fier tank rated type RHW, 1,675 kw, 515 
volts 
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factor are given for each pair of tests as 
follows: 


(a). Power-factor-meter reading 


(b). Power factor calculated from the 
formula 


power factor = polyphase watts /voltamperes 
= P//3EI (1) 


(c). Vector power factor calculated from 
the formula 


vector power factor=polyphase watts + 


a/watts?+vars?=P/+/P?+Q? (2) 


Formulas 1 and 2 are based on American 
Standards Association definitions; they 
are here restricted to balanced circuits, 
as is (a). 

With the sine-wave supply, the power- 
factor-meter readings (a) in table III 
agree fairly well with the two correspond- 
ing calculated values of power factor (0) 
and (c) in each case. With the 6-phase 
rectifier, the expected good agreement is 
shown between the power-factor-meter 
readings (a) and the corresponding 
calculated values of vector power factor 
(c). Good agreement is not expected 
between the power-factor-meter readings 
(a) and the corresponding calculated 
values of power factor (b) based upon the 
ASA definition; the maximum difference 
shown is 0.030 (=0.976-0.946) or about 
three per cent: this difference is a func- 
tion of the harmonics present. 

The rectifier effect represented by the 
difference between (a) and (b) may be 
expressed by the ratio (a)/(b), which 
here has a maximum value of 1.032 
(=0.976/0.946), or as (c)/(b). The low- 
est power-factor values are those deter- 
mined from equation 1. 


Conclusions 


The rectifier current and voltage waves 
obtained in the tests are believed to be 
fairly representative of those encountered 
in practice. 

The maximum effect of such rectifier 
waves on the performance of watt-hour 
meters should be well within one per 
cent; this conclusion is based upon all 
of our experience to date. The cor- 
responding limit for a var-hour meter 
should be two per cent. 

The effect of a 12-phase rectifier on the 
power factor should be less than the three 
per cent (ratio 1.032) obtained with the 
6-phase rectifier. For both 6- and 12- 
phase rectifiers, the ratio (a)/(b) should 
aproximate the ratio 


effective value of balanced line currents 


effective value of fundamental component 


(3) 
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when the harmonics in the balanced 
voltage waves are small as in these tests. 
The maximum value obtainable for ratio 
(3) with a 6-phase rectifier is 1.045 and 
it is 1.010 with a 12-phase rectifier. 
Thus, the maximum differences to be 
expected between the readings of a power- 
factor meter and the power factor cal- 
culated from equation 1 with such recti- 
fiers should be within five per cent and 
two per cent, respectively. 

The significance of the terms ‘“‘power 
factor” and ‘reactive power’? when har- 
monics exist in the system current and 
voltage waves is a matter of opinion’. 

The results upon which table II is 


watt - hour 


amperes, 
phase, 
60 cycles 


A—Type DS-19 


based are believed to be correct within 
+(0.2 per cent. 


Mercury-Arc Power Rectifiers 


A 6-phase rectifier tank is shown in 
figure 1. The auxiliary equipment in- 
cludes a main power-supply transformer 
in one or three units connected to convert 
3-phase power to 6- or 12-phase power, 
an interphase transformer, vacuum 
pumps, and suitable control devices.*4 

The function of a complete rectifier 
is to convert a-c power to d-c power, 
usually for electric traction or electro- 
chemical purposes. In so doing, it draws 
nonsinusoidal currents from a system 
generating sinusoidal voltages. These 
currents, in flowing through the system 
impedances, create nonsinusoidal voltage 
drops, which combine with the line 
voltages to give nonsinusoidal voltages at 
the rectifier terminals. The nonsinusoidal 
currents are composed of the fundamental 
and various harmonics, the orders of which 
depend on the number of rectifier phases; 
the magnitudes are an inverse function 
of the orders.1 The nonsinusoidal volt- 
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Figure2. Polyphase 
meters 
rated 120 volts, 2.5 

three- 
three-wire, 


age drops have the same harmonics, but 
the harmonic magnitudes depend on the 
magnitudes of the system impedances as _ 
well as on the magnitudes of the currents.” 
The formulas for the order and magnitude 
of the harmonic currents are as follows: 


Order of harmonic n=mp’+1 (4) 
Per cent harmonic h=100/(mp’ +1) = ars ‘ 


where 


m=any number from 1 to infinity 
p'=number of rectifier transformer second- 
ary phases 


The maximum obtainable percentage 
values of the harmonic currents due to 


B—Type V-3-A 


the rectifier occur at light load and 
these estimated values are shown for 6- 
and 12-phase rectifiers in table IV, part 


_2A, up to the 25th harmonic, the funda- 


mental being taken as 100 per cent; 
the orders of the harmonics also are 
shown. It should be noted that the 
magnitude of the harmonics decreases as 
their order increases and that harmonics 
common to both rectifiers, such as the 
11th and 13th, have identical respective 
values. In practice, these magnitudes 
will ordinarily be somewhat less than 
those listed. Also, due to various causes, 
small amounts of the 5th, 7th, 17th, and 
19th harmonics will be present with 12- 
phase rectifiers. For a given rectifier, 
the percentage harmonics will decrease 
with load, but the actual harmonic cur- 
rents will increase; in other words, the 
harmonic components do not increase as 
fast as the fundamental. 

Different rectifiers may be compared 
as to the relative amounts of harmonics 
expected in the input currents at full 
load by means of the load coefficient. 
The formula is: 


Rectifier load coefficient =IX/E (6) 
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Units Type 


Re Table |. Ratings of Apparatus Tested 
a 


Cycles Phases Kva 


Volts Amp 


‘=> i”) Seamless = ccnocree==sc: neta a> = SS eee 


Mercury-arc power rectifiers 


Les eS Soh 60 oe ene 1675 .. 515.. 3,250 
oy patie 3 Pe RAW owes. 60 eae Es 2,233" .. 515. . 4.333* 
Main transformer,....... ineteen eaOns sie ss 60 DSO ah cas SABE 13,200 
Interphase transformer, Meet Pes cia & Davis's 180/360 
12-phase reatifier.. 3.6.4. SU ePO LMI. ste ance are UR cuts as 2,000 625.. 3,200 
Main transformer........ t GUS 2 Sy 47 0 RRA Aree ee CULE CU ch a a cet ek 14,200 
Interphase transformer... 1..H........... 180/360 
Meters and instrument 
Two-element watt-hour 
meters, Woe. cee Bie DS-19 iawes xs 8.. 0.52..(K =0.6). L200. 7256 
Two-element var-hour 2..V-8-A,BE1.. ak Use OsOan yan = 0.6), T2054, 2:6 
MHECER Me ere oi iscar bs 1 oe oS Se . 8.. 0.62..(K = 0.6). 120.. 2.8 
Double autotransformer... 1..MC-1........ 60 TA NAA Mak aes hanes 115/115 
Power-factor meter....... eo at ee Spon Sere Peer eae Bim OST sige ce aren 100.. 5 


* Extended rectifier rating. 


where 


I =d-c load current per group of main- 
transformer secondary windings 

X =reactance of circuit in which commuta- 
tion takes place 

Eo=crest voltage to neutral of main- 
transformer secondary winding 


The effect of IX/E, at full load in re- 
ducing the light-load harmonic percent- 
ages is shown in table IV, part 2B for 
assumed values of 0.04 and 0.08: the 


Schematic measurement circuits 
for rectifier tests 


Figure 3. 


A—Rectifier input and output 

B—Rectifier supply for watt-hour meter tests 

C—Rectifier supply for var (rva)-hour meter 
tests 

D—Sine-wave supply for check tests 


120:1PTS 50:1 CTS 
E-22 KF-58 


SECONDARIES 


SECONDARIES 


AUTO- 
RANSE 


latter is considered representative of 
many rectifiers. For example, take the 
13th harmonic. For both rectifiers, 
“39” corresponds to 0.08, which means 
that 39 per cent of the light-load har- 
monic of 7.7 per cent will be present; 
this gives 8 per cent for the 13th har- 
monic: the corresponding value for 
IX/E,)=0.04 is 5 per cent. The per- 
centage of harmonic present tends to 
decrease as the order of harmonic in- 
creases; the decrease for the 5th har- 
monic is small: conversely, the percent- 
age increases with decreasing values of 
IX/E. 

The term X in [X/E, represents the 
sum of the system reactance and that of 
the rectifier transformer; the system 
reactance (and the losses therein) ordi- 
narily is less than ten per cent of the 


TRANSFORMER SECONDARIES 
POTENTIAL 
oO 
8 
& 


CURRENT 


REACTOR 
COILS 


TO LOAD 


WAT THOUR p-2) 


sie 


SHAFT 
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total. The harmonic power to be meas- 
ured, therefore, is but a small part of that 
due to the rectifier, which in turn is but 
a small part of the fundamental power. 
The harmonic and fundamental powers. 
have opposite signs. If the system volt- 
age itself contains some of the harmonics 
expected from the rectifier, however, the 
net harmonic power may be positive 
instead of negative. 

Ratio (3) is a function of the har- 
monics in the input currents. The 
maximum value of 1.045 for this ratio 
with a 6-phase rectifier is obtained when 
all possible harmonics attain the maxi- 
mum possible magnitude; table IV, part 
2, includes those up to the 25th. The 
maximum value of 1.01 is similarly 
obtained with a 12-phase rectifier. 


Watt-Hour Meters 


One of the type DS-19 watt-hour meters 
tested is shown in figure 2A and one of 
the type V-3-A meters in figure 2B. Both 
types have the same rating and are 
designed for three-phase three-wire serv- 
ice, usually with instrument trans- 
formers. The switchboard-type DS-19 
meter employs two electromagnetic struc- 
tures and two disks mounted on a common 


Figure 4. Schematic instrument and auxiliary 
circuits 


A—Potential and current supply—load con- 
trol for check tests 
B—Meter-disk revolution counter 
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Table Il. Effect of Rectifiers on Watt-Hour-Meter Performance (Difference Between Rectifier and Sine-Wave Results) 


Rectifier 


Watt-Hour Meters; 


Per Cent Difference (Referred to Sine Wave) 


Input 
(P-3 Instruments) 
Load Power DS-19 V-3-A 
Test Output Coefficient (Average of Three) Three-Phase Factor ; 
Number’ (Per Cent) “IX/Eo Volts Amp Watts (P/\/3EI) 1 2 3 
6-phase rectifier 7 
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4 eR WG ng ob ae 0.080>.....4%. TIGA O ee ONO eae. 570 Toes OL0S0 Si eee ee ae One ine + ae tO es oon 
et ete US5HS A Mee. | OnlOSecn ener, SES Seon coh lal Lime errge 684:6unae ee O05G40r ee HE) Dis. cio +0.2 Bete 0) Deen aa toe ae 
(ed ae 1540 eee. On120 ere cant Sal eee 4078 ones TUT Sie wee ae OXOSS.N. cae SEO aeons +0.2 SEO Ah ote Tiere 
12-phase rectifier aa a 
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See cs 62, Caren OnO2 Te eee 11S" O Reel SHO ee 3672 Sarto are OnO7 Sheet Oc ter. OMe O'~ , eee MOnmeeetane ° 
ts eye 83) Sie oe OR086 nae ee eyes ok oO Pec oto oe LOM As ceoee.o « O07 eee oe One ee Ov cesta EAN lseemacac Ome aor 
Boece ok ODS ce ee OK041m. ae 116.2 SSO. Sees SHO. Sateceee ORO 7D eee (Ne, Seas Ow... =O: lee Oo} cee : 
shaft. The bottom-connected type V-3- two potential circuits supplied fromatype can be used as the tine currents are un- 


A meter employs a more recent con- 
struction, in which both electromagnets 
act on a common disk. Interference is 
rendered negligible by the use of magnetic 
shields and by laminating the disk, 
thereby segregating the fluxes and eddy 
currents. 

Tests made here and elsewhere have 
shown that such induction-type meters 
tend to become slower as the applied 
frequency increases. Thus 60-cycle 
meters would be slow at 300 cycles; in 
other words, they would not register 
fifth harmonic power correctly and 
larger errors would be obtained with 
higher harmonic powers. In some cases, 
correlation has been shown®!%"™ between 
the performance of a meter on distorted 
waves and its performance on the com- 
ponent harmonic frequencies. 


Var-Hour Meter 


The var(rva)-hour meter tested is a 
type DS-19 watt-hour meter with its 
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MC-1 double autotransformer instead of 
directly from the two line-to-line system 
voltages. By means of suitable taps, 
the autotransformer lags each voltage 90 
degrees in order to measure the reactive 
component of the energy.’ A similar 
unit supplied two indicating watt(var) 
meters to measure the reactive power. 

The active power in a balanced three- 
phase three-wire sine-wave circuit may 
be determined from the formula 


watts = line-to-line volts Xline amperes X 
VW3X cos 0=VW3EI cos 6 (7) 


where @ is the angle between the voltage 
to neutral and the line current. Similarly, 
the reactive power may be obtained from 
the formula 


vars = /3EI sin 0 (8) 


The former quantity may be measured 
by two wattmeters and the latter by 
two varmeters. The varmeters will func- 
tion correctly also on circuits with un- 
balanced currents, but neither formula 
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equal and 6 is meaningless. The watt- 
meters will function correctly on any 
sort of three-wire circuit. 

Equations 7 and 8 may be used for 
balanced circuits and ‘6’ may be taken to 
represent the ‘angle’ between voltage 
and current when the current waves con- 
tain harmonics. However, each watt- 
meter then measures the product of its 
sine-wave voltage and the in-phase com- 
ponent of its current. Since the funda- 
mental component is smaller than the 
total current, the correct power factor 
(by ASA definition) or cos “@” obtained 
from equation 1 will be smaller and “@” 
will be larger than if no harmonics were 
present. Therefore, sin “@”’ and the 
calculated reactive power will be larger 
than the measured value, the difference 


Figure 5. Measurement equipment—indicat- 

ing instruments and transfer panel, sine-wave 

loading devices and control—watt-hour meters, 

revolution counters, chronograph and oscillo- 
graph 
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being a function of ratio (3). Also the: 
vector power factor or cos @ determined 
from equation 2 will be the same as that 
read on a power-factor meter and both 
will be greater than the value determined 
_ from equation 1 in the ratio (3). 
The foregoing discussion will still be 
pertinent when the harmonics in the volt- 
_ age waves are small. However, it has 
been shown! that correct measurement of 
reactive power is impossible when the 
harmonics in both the voltage and cur- 
rent waves are appreciable, 


’ 


Power-Factor Meter 


The type P-3 portable power-factor 
meter tested is designed for use on hal- 
anced three-phase three-wire circuits omly 
and has one-current coil, which is con- 
nected in series with the ‘‘common"’ 
line. There are two potential coils 
mounted at an angle on the shaft and the 
two potential circuits are connected from 
the other two lines to the “common” 
line. Essentially, two wattmeters are 
combined in one instrument without a 
control spring, so the deflection depends 
on the ratio of the two torques, which 
is a function of the power-factor angle 0. 
The scale is marked in power factor and 
the range is from 0.5 lag through 1.0 to 
0.5 lead. 


Test Connections 
and Procedure 


The tests described herein were made in 
connection with the standard acceptance 
tests on the two rectifiers. The measure- 
ment equipment is shown in figure 5. 
The meter accuracies were determined 
first with one of the two rectifiers and 
second with the sine-wave supply. The 
correct three-phase watt (or var) values 
were obtained in each test from the 
readings of two single-phase watt (or 
var) meters, which were checked with the 
d-c supply by means of potentiometers. 
The correct power factor was calculated 
from equation 1, which requires the 
readings of eight different instruments. 


CONNECTIONS 


The connections used are shown sche- 
matically in figures 3 and 4. Figure 3A 
shows the general arrangement of the 
rectifier input and output circuits and 
indicates the feed-back scheme adopted 
for acceptance tests on large rectifiers. 
The small numbers on the instrument 
transformer secondary leads correspond 
to similar numbers in figure 3B, which 
shows the arrangement for the watt-hour 
meter tests. The arrangement for the 
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Watt-Hour, Var-Hour, and Power-Factor Meters (Six-Phase Rectifier and Sine-Wave Results) 


Table Ill. 


(c) 
Vector 
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Power- 
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Supply from sine-wave alternator (direct) 


Check 
Number 
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C—At 156 per cent output 


var-hour and power-factor meter tests is 
shown in figure 8C. In B and C, meters 
not under test are indicated by dotted 
lines. Figure 3D indicates the arrange- 
ment for the sine-wave supply, which 
constituted the standard test condition 
for all meters. 

The necessary connection changes were 
made by means of single- and double- 
throw potential switches, type PK-2 
potential and current test blocks, and 
potential and current receptacles and 
plugs. These are shown in figure 4A. 
In the rectifier tests, the magnitude of 
the currents through the various instru- 
ments and the six meters (not shown) was 
determined by the load on the rectifier. 
In the sine-wave checks, the correspond- 
ing currents and power factors were 
obtained by means of the variable non- 
inductive and inductive loads shown at 
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Figure 6. Oscillo- 
grams showing wave 
shapes of voltage 
and current, six- 
phase mercury-arc 
power rectifier rated 


type RHW, 1,675 
kw, 515 volts 


Curve A—Second- 


ary current in line 1 


Curve B—Second- 
ary current in line 2 


Curve C—Second- 


ary current in line 3 


Curve D—Second- 
ary voltage across 
lines 1-2 


the bottom of figure 44. The line-to- 
line voltages were set at approximately 
the desired values by means of remote 
generator field control. 

The method of automatically counting 
the revolutions of the six meter disks is 
shown in figure 4B. A small mirror 
is fixed on each meter shaft to reflect the 
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Figure 7. Oscillo- 
gram showing wave 
shapes of voltage 
and current at 100 
per cent output, 12- 
phase mercury-arc 
power rectifier rated 
type RDW, 3,000 
kw, 625 volts 


Curve A—Secondary voltage across lines 1-2 
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light from a small lamp to photoelectric 
tube 922. This tube operates the coil 
of a suitable pen through a tube network. 
Each pen records each revolution of its 
meter on the moving chronograph chart, 
which also is marked by two pens (one 
at each side of the chart) energized every 
second from a standard clock. 


PROCEDURE 


For a test run on the watt-hour meters: 
with the rectifier supply, the chrono- 
graph chart was started and allowed to 
record the meter revolutions for a period 
of eight minutes, during which the two 
indicating wattmeters were read every 
ten seconds, making a total of 48 readings 
each. Readings were taken every 30 
seconds on each voltmeter and ammeter, 
giving a total of 16 readings per instru- 
ment. Thus one observer was required 
for each wattmeter, one for the three 
voltmeters, and one for the three am- 
meters, making a total of four. 

Next a test run was taken on the var- 
hour and power-factor meters and the 
chronograph chart was permitted to 
record the meter revolutions for five 
minutes, during which a total of 30 read- 
ings were taken on each of the two var- 
meters and on the power-factor meter and 
ten readings were taken on each volt- 
meter and ammeter. An extra observer 
was required for the power-factor meter. 

The watt- and var-hour meter tests 
just described were cheeked by cor- 
responding tests with the sine-wave 
supply, the secondary voltage, current, 
and power-factor values due to the recti- 
fier load in each case being duplicated as 
closely as possible. The actual running 
time for the four tests at each load was 
26 minutes. 

Finally, the indicating watt (or var) 
meter readings taken in the a-c tests 
were checked with the d-c supply. Re- 
versed readings were taken at each point, 
using two deflection potentiometers, one 
for voltage and the other for current, 
as standards. 

After completing the tests, the readings 
of each indicating instrument were av- 


Curve B—Secondary current in line 1 
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Table IV. Actual and Estimated Percentages of Harmonics in A-C Input Waves 


Rectifier Per Cent Harmonic 
] Input Harmonic Order and F 
Output ; Load fee eit nd Frequency in Cycles Per Second pen 
er oefficient Ist 5th 7th llth 13th 17th 19th 23d 25th i 
Figure 
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: 
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(2) Estimated Percentages of Harmonics in Current Waves Due to Rectifier 
(A) © Light-load values (up to 25th harmonic) 


Ar cis atts i U7 te NOC Rae eins! 3.5 WA oh ore Ain 0518'S Nis POG renin sar O48 Sater Be omictes he erg ote Gotan. 3 ole aa OS gerne Ole amis 24 
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* The load coefficient has a negligible effect on the magnitude of the harmonics at light load. 


“* Based on an inductive load; for a noninductive load, the fifth harmonic value is higher (= 22.6) but the other harmonic values are lower (or unchanged), so 
the maximum possible composite value is practically unchanged. 


t Test made on 3,000-kw rectifier. 


the formula 


eraged and corrected for scale error. To 
obtain the three-phase volt-amperes, the 
three corrected voltmeter readings in 
each test were averaged, as were the 
three ammeter readings and these av- 
erage values E and J were used in the 
formula. 


three-phase volt-amperes = /3EI (9) 


In each watt-hour meter test, the poly- 
phase watts were obtained by adding the 
corrected readings of the two wattmeters 


and these indicated watts constituted 
the standard of reference in determining 
the meter accuracies. The recorded 
meter watts were determined from the 
total revolutions recorded on the chrono- 
graph chart and the corresponding 
elapsed time. The accuracy formula 
is 


per cent accuracy=recorded watts/indi- 
cated wattsx100 (10) 


A similar procedure was followed for 


the var(rva)hour meter, 
being 


per cent accuracy =recorded vars/indicated 
varsX100 (11) 


In these tests, however, the polyphase 
vars were obtained from the difference 
between the two varmeter readings. The 
reactive factor (sin ‘“6’) was determined 
from the formula 


reactive factor =polyphase vars/ volt-am- 
peres=Q/+/3EI (12) 
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OUTPUT 1200 1800 
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METER O 1 2 3 
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Power factor (cos @) was read directly 
on the power-factor-meter scale and for 
comparison was calculated from equation 
2: 

No corrections for the watts or vars 
were necessary because of the instrument 
transformers in the rectifier tests, since 
the meters were compared directly with 
the instruments in the secondary cir- 
cuits. 


Discussion of Results 


WAVE SHAPES 


A comparison of the current wave 
shapes in figure 6A at light load on the 
6-phase rectifier with the theoretical 
waves, as shown by the magnitudes of the 
several harmonics in table IV, parts 1 
and 2, indicates that the test harmonics 
are less than the theoretical ones by a 
maximum of about four per cent. 

A much better agreement is found be- 
tween the current wave shapes in figure 
6B at rated output on the 6-phase rec- 
tifier and the theoretical waves based 
upon table IV, part 2B. The calculated 
harmonics check the test harmonics 
closely, the maximum difference being 
about two per cent for the seventh 
harmonic: the measured value is low. 
For the 12-phase rectifier, the agreement 
also is good, the maximum difference 
being less than one per cent. The load 
coefficient of the 6-phase rectifier ap- 
proximates one assumed value (0.086 
versus 0.08). 

The corresponding harmonics in the 
voltage waves of both rectifiers are com- 
paratively small, so the harmonic powers 
also are small; the probable maxima at 
rated output are indicated in table 
V. For the 6-phase rectifier, it should 
be noted that all harmonics above the 
17th are omitted; also, that a harmonic 
in the order of the 49th appears in the 
voltage waves, due to the supply system. 
For both rectifiers, the system reactance 
was about 20 per cent of the total, so 
the harmonic voltage drops therein and 
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Figure 10. Accuracy of type 
DS-19 var (rva)-hour meter 
with six-phase rectifier and 

with sine-wave supply 


Circles—Sine-wave supply 
Crosses—Six-phase rectifier 


160 PER CENT 
2400 KILOWATTS 


the resulting harmonic powers are some- 
what greater than would ordinarily be 
expected in service. 


METER PERFORMANCE 


The watt-hour-meter per-cent accu- 
racies listed in table III have been cor- 
rected for minor errors in meter adjust- 
ment. For example, the actual test per- 
cent accuracies obtained for meter 
number 5 at 2.5 amperes in the sine- 
wave checks for both rectifiers were the 
same: 100.32, so 0.32 was subtracted 
from all test values. This procedure is 
equivalent to adjusting each meter to 
register correctly at its rated current of 
2.5 amperes, in so far as comparative 
values are concerned. As just indicated, 
all results were carried out to the nearest 
0.01 per cent and then rounded off to the 


per cent output are 0.7 and 0.9 per cent, 
respectively. These apparent differences 
are not sufficient to account for the dif- 
ferences in effect on the meter speed. 
Although the phase relations of the 
several components of the harmonic 
power and therefore the true harmonic 
power itself at any output were not de- 
termined, there is no reason to expect 
that the net harmonic power changes sign 
as the rectifier output increases. In 
other words, there appears to be no cor- 
relation between the harmonic power and 
the rectifier effect. The probable maxi- 
mum is less than 0.2 per cent for the 12- 
phase rectifier. It seems logical to con- 
clude first, that the harmonic power due 
to 6- and 12-phase rectifiers will be com- 
paratively small in practice and second, 
that their effect on the accuracy of modern 
watt-hour meters will be negligible. 


Var-Hour AND POWER-FACTOR METERS 


The var-hour-meter results are given 
in table III. The accuracy curve shown 
in figure 10 is fairly flat at the higher 
rectifier outputs, but it turns down to- 
ward light load; the differences between 
rectifier and sine-wave points are, in 
general, greater than for the watt-hour 
meters. 

Table III also gives the power-factor- 
meter readings (a) and these agree fairly 
well with the corresponding values (c) 


nearest 0.1 per cent. The accuracy calculated from equation 2. In fact 
Table V. Probable Maximum Harmonic Power at Rated Output 
6-Phase Rectifier* 12-Phase Rectifier* 
Per Cent of Per Cent of 
_— ——— Relative — — Relative 
Order of Line-to-Line Line Harmonic** Line-to-Line Line Harmonic** 
Harmonic Voltage Current Volt-Amperes Voltage Current Volt-Amperes 
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* Harmonic values taken from table IV (1), 6-phase rectifier values from test number 4. 


** Relative harmonic volt-amperes at an assumed power factor of unity equals relative harmonic power in 


watts. 


curves shown in figures 8 and 9 are quite 
flat and the differences between rectifier 
and corresponding sine-wave points are 
comparatively small. 

Table V indicates that the probable 
maximum harmonic power for the 6- 
phase rectifier at rated output is about 
0.6 per cent of the fundamental power: 
the corresponding values at 22 and 156 
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it appears to be satisfactory to use this 
formula even if, as in these cases, there 
is some harmonic power, providing the 
circuit is balanced. Similarly, it appears 
to be satisfactory to use the formula 


volt-amperes = 1/ watts?+- vars? = 
Vi P2407 13) 


to obtain the volt-amperes in the circuit, 


ELECTRICAL ENGINEERING 


_. when not otherwise available. The ratio 


measured/calculated volt-amperes as ob- 
tained from equations 9 and 13, respec- 
tively, should approximate ratio (3) 
whenever the harmonics in the balanced 
voltage waves are small. This also ap- 
plies to the ratio of power factors calcu- 
lated from equations 2 and 1. 

- The average value of ratio (3) in 6- 
phase rectifier test numbers 1, 4, and 6a 
is 1.021 (from table IV, part 1). This 
compares with 1.025, which represents 
the average ratio for the same three 
tests between the two calculated power 
factors (table III, (c) and (6)). It 
appears that the voltage harmonics do 
not exert an appreciable effect. 

It has been emphasized that the type 
P-3 power-factor meter is for use on 
balanced circuits only. In these tests, 
the circuit balance cannot be deter- 
mined from the tables, as the averages of 
the voltages and currents instead of the 
individual values are given to conserve 
space. In general, excellent balance was 
obtained in the six-phase rectifier tests 
and in the corresponding sine-wave 
check tests, the maximum difference 
between any of the three voltages or be- 
tween any of the three currents being in 
the order of one per cent. 
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Transient Analysis of Symmetrical 
Networks by the Method of 


Symmetrical Components 
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ASSOCIATE AIEE 


Synopsis: The canonical equations of a 
general, linear, bilateral symmetrical net- 
work of » meshes on which are impressed 
arbitrary mesh voltages are subjected to a 
Laplacian transformation. The  trans- 
formed equations are then subjected to a 
symmetrical component transformation, By 
the use of these transformations the 
transient behavior of an » mesh symmetri- 
cal network subject to impressed arbitrary 
voltages and initial currents and charges is 
readily obtained. The solution of the 
usual determinantal equation is avoided. 


s* CE the introduction of the method 
of symmetrical components into elec- 
trical engineering by Fortescue in his 
classic paper,! there have been many 
extensions and expositions of the 
method.** It appears however, that no 
systematic exposition of the use of sym- 
metrical components in the study of tran- 
sients in linear, constant, bilateral sym- 
metrical networks has appeared. It is 
the purpose of this discussion to present 
such an exposition. The methods of the 
Laplacian transformation and matrix 
algebra as presented in references 4 and 
5 respectively will be assumed. 


I. The Canonical 
Equations 


Let us consider a general, linear, con- 
stant, bilateral, lumped n-mesh network. 
Let the 7 mesh currents have the instan- 
taneous values (%...7,) and let there be 
n voltages (e...e,) acting on the con- 
tours of the meshes. The canonical 
equations of such a general 1-mesh cir- 
cuit may be written in the form: 


(e) = [2] (1) (1) 


Paper 40-2, recommended by the AIEE committee 
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Mass, 
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Where (e) and (7) are columnar mat- 
rices whose elements are the » mesh 
voltages and currents respectively and 
[Z] is a square matrix of the nth order 
whose elements are the various self and 
mutual impedance operators of the form: 


t 

Zou aA Rect Sin f ( )dt (2) 
and Ls, Rs, S;; are the coefficients of 
self- and mutual inductance, resistance, 
and elastance of the system. The im- 
pedance operator matrix [Z] has the im- 
portant property of being symmetrical 
about the principal diagonal. This prop- 
erty follows from the relations: 


Lrg aia Lege (3) 
Rs = Rs, . (4) 
Sts = Sr (5) 


II. E-Symmetric 
Systems 


Many networks of practical impor- 
tance have the property that their im- 
pedance operators satisfy the relations: 


ipo — ig (6) 


Z 5p =Zy,=Z for r#s, J#R (7) 


that is, the impedance matrix of these 
systems has the form: 


i Sle A ERS 4 


|Z DT Sra Med 


[Z]= (8) 


‘ Ee Be ee| 


Such networks have equal self-impedance 
operators among the several meshes and 
also equal mutual impedance operators 
between the meshes. Networks exhibit- 
ing this type of symmetry are called E- 
symmetric and are of great technical im- 
portance. Symmetrical polyphase sys- 
tems are of this type. 


III. The Laplacian Transformation 
of the Canonical Equations 


Following the method of (5) part II, 
we subject the canonical matrix equation 
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(1) to a Laplacian transformation as 
follows: 


Let 
Tia ALD) (9) 
Ej(p): ej(t)  (E£)=(e) (10) 


that is, for each element of the current 
matrix (I) and the voltage matrix (EZ) of 
(1) we introduce its Laplacian transform. 
Then the matrix equation (1) is trans- 
formed into: 


[Z(p) ]() = (E) + PIL") — [S1(¢") (11) 
where: 
i° 
Gy =|" (12) 
in? 
and (4°... t,°) are the initial mesh cur- 


rents at {=O in the system, 
qu 

(a) =|" 
n° 


(13) 


(q°..-n°) represent the m initial mesh 
charges at ¢ = 0. 


Zmn(h) =Lmnb+RmnatSmn/?P (14) 
(L]= [Linn] the inductance matrix (15) 
[S]= [Smy] the elastance matrix (16) 


IV. Transformation to 
Symmetrical Components 


In the theory of symmetrical compo- 
nents,! the transformations are effected 
by the use of the nonsingular, symmetric 
matrix: 


[C]=[C;s] (17) 
where 

r=1,2,...n 

$=1,2,...0 

Crs =a~7-V(s—1) (18) 
a= efn/n (19) 


The transformation matrix [C], is thus 
a square matrix of the mth order with the 
important properties that: 


[C]'’=[C] (20) 


where [C]’ is the transpose matrix of 
[C] 

‘ 1 : 
UC Js-=* leon) C] (21) 
where [C]~! is the inverse of [C] and 
[conj C] is the conjugate of [C]. The 
rows of [C] are the sequence operators of 
Fortescue. 

Let us now multiply both sides of the 
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equation (11) on the right by [C]~“*. We 
then obtain: 
[C]-[Z](C][C]-*D) = [C] (2) + 


PIC} ULIICI[C}-*@") — 
[C][S]IC][C}-(q") (22) 


Now let us introduce the notation: 


(E),=[C]-(B) (23) 
(I)s= [C]-*W) (24) 
[Z],=[C]}*[Z][C] (25) 
[L],=[C]}“*[Z][C] (26) 
[S]s=[C]“*LS][C] (27) 


Then equation 22 may be written in the 
form: 


[Z]s(D)5=(E) e+ PIL ]s(2°)s — [S]5(@°)s (28) 
V. Transformation of the 
E-Symmetric System 


Let us consider the transforms of the 
equations of the H-symmetric system of 
part II. In this case, the impedance 
matrix has the form given by (8). Com- 
putation of the symmetrical component 
matrix of the H-symmetric system by 
the equation (25) gives: 


[Z],;= 
(Zee eel) Zi Cm Oe ee 0) 
0 (Z=Zy00 0 
0 Ou Onze) 
(29) 
that is, the symmetrical component 


transformation matrix [C], transforms 
the impedance matrix of the E-symmetric 
network into the diagonal form (29). 


Let: 
ies q 

(=|) = 1c" (30) 
ik In 


and, similarly introduce the columnar 
matrices: 


(E)s=(E;s) = [C]“(Z,) (31) 
(2°), = (trs’) = eet) (32) 
(¢°)s = (Grs°) = [C]-*(q,°) (33) 


then the equation (28) separates into the 
m scalar equations: 


[Zo+(n —1)Z)hs=Eis+p[Ly+ 
(n—1)L}i;.°— [Sp+(n—1)S]qis° (34) 


(Zo 2) irs pea) E;s+p(Ly —L)iz, ag 


(So—S)drs° (35) 


r=2, 3)..." 
We then have immediately; 


Ts = E\s/[Z)+(n—1)Z]+ 
b[Lot+(n—1)L)iy.°/ [Zp +(n—1)Z]— 
[So+(n — 1)S]qis°/ [Zo+(n—1)Z] (36) 
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Tys = E;s/(Zo —Z) +p(Ly —L)irs°/(Zo —Z) rs 
(Sp—S)drs°/(Zy—-Z) (37) 
(Path, Bij0.0 0! 


Now if we let: 


()s=s (38) 
that is: 
drs c Irs (39) 
(pa Pasi MO See 


We may compute the 7,; quantities from 
(36) and (37). We also have the rela- 


tions: . 

(1) =[C]()s (40) 
and . 
@:@ (41) 


Hence if we premultiply (38) by [C] we 
obtain: 


[C](i) +[C]Ds=() * @) " (42) 
or finally, 
(4) =[C](a)s (43) 


and we have the various currents ex- 
plicitly. 


VI. Examples 


Let us consider the application of the 
above general theory to specific examples. 


DISCHARGE OF A CAPACITOR IN ONE 
OF Two MUTUALLY INFLUENCING 
CIRCUITS 


Suppose that we have two similar cir- 
cuits each with self-induction LZ) and 
elastance Sy, but negligible resistance, 
and that the capacitor in one carries an 
initial charge g®. The initial currents 
in the system and the charge on the 
capacitor of the second circuit are sup- 
posed to be equal to zero. The coefficient 
of mutual induction is M. The problem 
is to determine the subsequent behavior 
of the system. 

In this case we have: 


[Z]= a zm (44) 
with: | 
Zo= Lop + So/p (45) 
Z=Mp (46) 


Since we have no impressed electromo- 
tive forces and no initial currents, the 
equations (36) and (37) for this circuit 
reduce to the following: 


Is= —Sogis®/(Zo+Z) 
Ts = — SoQo5°/(Zo—Z) 


(47) 
(48) 
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tcl=[ 


in view of the fact that n=2 and S=0, 


The transformation matrix C and its 
inverse for this case is given by: 


il (49) 


(50) 


_ we thus have: 


le 


i 
=1 


aed | n° (51) 


ah 


since the second circuit does not have an 
initial charge. To simplify the opera- 
tions, let us write: ; 


M=Lob 
So= Loc? 


We then have the following equations for 
J,, and J,,: 


T= —c*pgys*/[p*(1+5)+c2] = — 
1 
go n'b/(1+b) [p?+c2/(1+0d)] 


0 


(52) 
(53) 


(54) 


1 
Ig= —3etan'p/(1—2)[p*+e%/(1—8)] (85) 


If we now make use of the basic trans- 
form: 


b/(p?+w*)= sin (wt)/w (56) 
we obtain: 

ee a age * a 

tis = 2 V1i+b sin (ct/ 1+5) (57) 
in= 5S eae (ct/\/T=5) (8) 


The actual currents in the two circuits 
4 and % are now obtained from the 
symmetrical-component currents 7,, and 
tz, by the transformation: 


_|ft | 
“|[1 1 


or hence: 


yy Ns 


7 — Seat (C/V TFB) sin (ct/~/I-5)+ 


(1/+/1—5) sin (ct/+/1—b)] (60) 
in —5eas°((1/-VTFO) sin (4t/V T+) — 
(1/+/1—) sin (ct/~/1—b)] (61) 


We thus obtain the current in the two 
meshes without solving for the roots of 
the characteristic equation of the system 
which in this case is one of the fourth 
order. 


APPLICATION TO THREE-MESH NETWORK 


Let us consider an E-symmetric three- 


. mesh network. Let each mesh have a 


mesh inductance J) and mesh elastance 
So. Let the three meshes be coupled 
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together by equal mutual inductance 
coefficients M, 

The network will be considered inert 
at ¢=0, that is, the mesh currents and 
mesh charges are zero at =0. At t=0, 
a steady electromotive force E is im- 
pressed on mesh one. The problem is 
to determine the subsequent currents in 
the three meshes. 

For this case, the impedance matrix of 


the network is given by: 
ee 
[Z]=|Z 2 Z (62) 
ete ee 
with: 
Zo=Lop+So/p (63) 
Z=Mp (64) 


The general equations (36) and (37) 
in this case reduce to: 


Ts = Eys/(Z0+2Z) (65) 
Is = Ex3/(Zo—Z) (66) 
Ts3 = E3s/(Zo—Z) (67) 


Now, since the electromotive force im- 
pressed in mesh number 1 is steady, we 
have: 


Fxs 1 a ee: Ey Ey 
Ey3|=35||1 @ a4] 110 ||=||Ei (68) 
Ess Pac oh 10 Ey 
where 
a=ebt/s (69) 
Hence we have: 
1 
Iiy=5Esb/[b*(Lot2M) +50] (70) 
1 
Tag = 5Eip/ (p*(Lo— M) + So] = Iss (71) 
Now if we let: 
w= WV So/(Lo+2M) (72) 
w= V So/(Lo— M) (73) 


then, in view of the transform relation: 
b/(p?+w?)= sin (wt)/w (74) 


we obtain the following expressions for 
the transforms of J,,, I,,, and Js;. 


1 a a a 
ig = Ea sin (wt)/ WV So(Lo+2M) (75) 


1 Se he 
tos = Be sin (wet)/V So (Lo = M) =h3g (76) 


The actual three mesh currents of the 
system are now obtained by the equation: 


il] lla 1 11] (las! 
#||=||1 a? a] I3| (77) 
13 1 a ail ||4ss\| 


Pipes—Transtent Analysis 


Carrying out the matrix multiplication, 
we obtain: 


tole ———— 
t= 3 Aisin (wit)/V/Sy(Le+2M) + 
py eS 
aia sin (wa) /~/Si(Lo—M) (78) 


1 ae Se en 
ia= 5B sin (wot) // S(Lo-+2M) — 
1 Se ee 
3H sin (wat) /+/So(Lo— M) =1; (79) 


We thus obtain the solution to our prob- 
lem in a most simple manner. It may be 
remarked that had we proceeded in the 
conventional operational manner, we 
would have been forced to determine the 
roots of a sixth order algebraic equation 
in order to apply the Heaviside expan- 
sion formula. A transformation to sym- 
metrical components avoids all this 
labor. 


VII. Conclusion 


.The general equations by which the 
transient analysis of multimesh 4£- 
symmetric networks may be carried out 
have been developed. The introduction 
of symmetrical component and Laplacian 
transformations enormously simplify the 
analysis of this type of networks. Since 
E-symmetric networks are of great 
technical importance in many branches 
of engineering, it is hoped that this con- 
tribution to their theory wiil be of value. 
The method may be readily applied to 
all linear dynamical systems exhibiting 
this type of symmetry whether electrical 
or mechanical. 
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The Accuracy of Watt-Hour Meters 


on Intermittent Loads 
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Synopsis: A watt-hour meter on inter- 
mittent loads of a particular character may 
have a registration error. The magnitude 
of error is a function of the meter design, 
the periodicity of the intermittent com- 
ponent of load, ratio of intermittent com- 
ponent to total load, character of inter- 
mittent component, power factor of load, 
and adjustment of the friction compensa- 
tion. 

The registration characteristic of a meter 
on most types of intermittent load can be 
predicted from the acceleration and decel- 
eration curves for the meter disk. 


HE characteristics of watt-hour 

meters are dependent upon many 
diverse factors interrelated in a complex 
way. The design of the magnetic cir- 
cuits, the mechanical features of the 
meter, and the various corrective ele- 
ments to a large degree are responsible 
for these diverse factors. Once in serv- 
ice, however, the characteristics of a 
meter are relatively fixed, except as in- 
fluenced by the remainder of the circuits 
with which it is associated. 


The nature of the load which is to be 
measured by the meter may have an im- 
portant effect on the characteristic per- 
formance of the meter. Loads may 
vary continually in magnitude or be in- 
termittent with the period of cyclic 
variation from a few cycles to many 
minutes or hours. Such intermittent 
loads may cause factors which are usually 
of relatively minor importance to have 
considerable influence on the meter 
accuracy. Since these factors are inter- 
related, it is difficult to separate them 
experimentally, and only their combined 
effects have been studied. 

In the usual application of watt-hour 
meters, the intermittent nature of the load 
will affect only those factors which depend 
upon the magnetic effects produced by 
the current elements or series coils, the 
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potential element being energized at all 
times, thus making its effects constant. 
However, some adjustments of the meter 
which are independent of the ‘series coil 
may affect the meter performance be- 
cause of the interdependence of those fac- 
tors and their influence on the common 
sections of the magnetic circuit. 

The results of this study are given in 
curve form and are representative of 
several meters operating under the 
same load conditions. A careful study of 
the starting and stopping characteristics 
was made photographically. These re- 
sults were verified by actual load tests. 


Results of Study 
With Discussion 


The registration of a watt-hour meter 
is a direct measure of the total angular 
travel of the meter disk. This angular 
travel, in turn, is a function of the 
angular velocity of the disk and time. 
The angular velocity of the disk for a 
given load is dependent upon the me- 
chanical and geometrical factors of the 
moving system and the summation of 
the various component torques (driving 
and retarding) acting on this moving 
system. 

It has been shown that the mechanical 
and geometrical factors for a given 
meter are essentially constant. As in- 
dicated in the appendix, the various 
component torques are constant when the 
load on the meter is constant, but for a 
variable load, the various component 
torques do not remain constant during 
the transitory periods. Certain torque 
factors which are present during the 
acceleration period of the meter disk may 
not be present during the deceleration 
period. The relative magnitudes of 
these changing torques will determine 
the meter accuracy during the transition 
period from one load value to another, 

Figure 1 shows the accelerating and 
decelerating characteristic curves for a 
typical modern meter.* These curves 
are representative of those obtained from 
a stroboscopic photographic recording of 
the meter-disk travel during the period 


* Both the modern and the older design of meters 
were used in the experimental tests. 
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of change from rest to constant angular 
velocity and from constant angular 
velocity to rest. It will be noted that the 
slope of the constant-velocity sections 
changes in accordance with the different 
loads. Data for these curves were ob- 
tained by scaling angular travel of the 
meter disk from successive photographs 
of the disk obtained by means of a 
stroboscopic camera. The time interval 
between successive photographs was con- 
trolled accurately. The time or angular 
travel necessary for a disk to attain con- 
stant velocity was obtained by drawing 
a tangent to the curve at a slope cor- 
responding to the velocity attained. 

In an ideal meter in which no torque 
component is a function of higher than 
the first power of the disk angular veloc- 
ity (appendix) and in which the ultimate 
disk velocity is directly proportional to 
the load, the time required to attain any 
given per cent of ultimate velocity is not 
a function of the load. In a practical 
meter, however, these conditions are not 
fulfilled although they are approximated 
closely. The position of the anticreep 
slots at the start of the acceleration 
period, the flux density in the various 
portions of the magnetic circuit, reac- 
tions of disk currents on the distribution 
of the flux in the various paths, and 
the variation of the friction torque with 
disk velocity are some of the factors 
which can produce small effects in a 
practical case. The accurate determina- 
tion of the time required to attain steady- 
state condition is not necessary, an 
approximation being sufficient to indi- 
cate the character of intermittent loads 
which may give rise to registration 
errors. The graphical method of deter- 
mining the point of tangency has in- 
herent errors larger than the probable 
error due to the causes listed above. 


The time required for the disks of 
meters of different designs to reach a con- 
stant angular velocity differs, the limits 
being approximately 0.2 second and 
0.4 second. The time required for the 
disk to reach rest from the constant 
angular velocity corresponding to rated 
load is from 0.3 to 0.4 second. These 
variations between meters of different 
designs can be attributed to the fact that 
the components of torque are not in the 
same proportions in the different meters. 
It should be noted, however, that the 
time required is of interest only in the 
examination of a load cycle. The ac- 
curacy with which the meter integrates 
a load over a cycle depends upon the 
total disk travel during the cycle and not 
upon the time required for that travel. 

If a constant load is placed on a meter 
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Figure 1. Acceleration characteristics of a 
typical watt-hour meter for various loads at 
unity power factor 


A-B—Acceleration period 
B-C—Constant-velocity period 
C-D—Deceleration period 


Curve 1—300 per cent load 
Curve 2—950 per cent load 
Curve 3—100 per cent load 


a sufficient time to allow the meter disk 
to start from rest and attain constant 
angular velocity and then is removed for 
the length of time required for the 
meter disk to return to rest, the total 
angular travel of the disk should be a 
direct measure of the energy involved in 
the load cycle. This total disk travel 


Figure 3. Comparison of predicted and test 
curves of watt-hour meter accuracy for inter- 
mittent loads of different periods 
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lost a definite number of degrees of travel 
since it must start from rest and its aver- 
age velocity during this accelerating period 
is less than the constant value correspond- 
ing to this load. After the load is re- 
moved, the disk decelerates to rest and 
gains a definite number of degrees of 
travel. If the number of degrees lost 
during the acceleration period does not 
equal the number gained during the de- 
celeration period the meter registration is 
inerror. This error in registration will be 
positive or negative in accordance with 
too large or too small a gain in disk travel 
at the end of a.load cycle compared to 
the beginning. It will be indicated later 
that this error is influenced by the design 
of the meter and its adjustments for con- 
stant load accuracy. 

If the load exists for a longer time than 
is necessary for the disk toattain the veloc- 
ity corresponding to the load, the disk 
will travel at constant velocity for the 
time in excess of that required to reach 


ovo-3 

Predicted curves are 
in solid lines 

Test curves are in 
dotted lines 

Curve 1—8-cycle 
period 

Curve 2—35-cycle 
period 

Curve 3—100-cycle 
period 
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should be equal to the product of the con- 
stant velocity and the time the load is 
applied if this registration is a correct 
measure of the energy. During the period 
of acceleration up to the velocity corre- 
sponding to the load value, the disk has 
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this load velocity. The disk travel to 
rest after the load is removed will be the 
same for a given disk velocity regardless 
of the time the meter has been running at 
this velocity. The error in registration 
(degrees of travel) will be the same for 
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Figure 2. Effect of load duration on watt 
hour meter accuracy for 200 per cent load a 
unity power factor 


each load cycle, but the per cent error in 
total registration will approach that for a 
constant load. 

The effect of the length of the constant 
velocity period on the total registration of 
the meter is shown in figure 2. This 
curve is obtained from curves such as 
given in figure 1. The curve of figure 2 is 
for approximately 200 per cent load, 
unity power factor on the meter. As the 
constant-velocity interval is increased for 
a given load, the per cent error is reduced. 
It will be noted that for load durations 
less than one second, the meter error, 
caused by intermittent load, is one per 
cent or more and, for very short duration 
loads, will exceed five per cent. If the 
load duration is greater than four seconds, 
the intermittent load cycle causes an 
error less than one-fourth per cent. 
This error is within the limits of com- 
mercial meter accuracy. 

For practically all types of intermittent 
loads, the approximate registration char- 
acteristics of the meter may be predicted, 
from the acceleration and deceleration 
curves (figure 1) for the meter. These char- 
acteristics should be at the power factor 
and with the same wave form as would be 
encountered in the circuit under considera- 
tion. For any load-variation cycle in 
which the load decreases to zero the ap- 
proximation may be very close if the ac- 
celeration curves are known for each value 
of load and the deceleration curve is 
known for the greatest value of load to be 
considered in the group of loads studied. 
The degree of approximation (in predict- 
ing the registration characteristics) for 
other load cycles depends upon the rela- 
tive value of the variable and fixed com- 
ponents of the load. The approxima- 
tion is least accurate when the fixed com- 
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ponent becomes a major part of the total 
load. 

For a simple case of approximately full 
load of unity power factor either fully on 
or off, with the period of the load cycle of 
valué indicated, the registration charac- 
teristics of a typical meter as a function of 
the per cent of the total period during 
which the load exists are shown in figure 
8. These curves are derived from char- 


proper value. The number of these load 
cycles necessary to have “‘steady state” 
will depend upon the meter and the 
choice of load cycle and may be as many 
as 10 or 15 load cycles. 

For complex load cycles the same pro- 
cedure can be followed except that the 
proper characteristic curves must be 
used for the acceleration portions of the 
travel curve, and deceleration curves for 


A-—B—Acceleration 


bp 


period 
B-—C—Constant-ve- 
locity period 
C-D—Deceleration 
period 
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Curve 2— 63 per 
cent power factor 


Figure 4. Acceleration characteristics of a 
typical watt-hour meter for 200 per cent load 
at two different power factors 


acteristics such as given in figure 1. 
Curves from experimental data for the 
same meter in a circuit with a load having 
periods of 8 and 100 cycles are shown for 
comparison. 

With the characteristic curves for the 
meter available, for the loads chosen, such 
curves as those in figure 3 may, for simple 
load cycles, be predicted with ease. Be- 
ginning with the disk at rest the accelera- 
tion disk-travel curve is drawn for the 
length of time corresponding to the ‘‘on” 
portion of the load cycle. This curve is 
then extended by use of the deceleration 
disk-travel curve from the point on that 
curve having the same slope as the ac- 
celeration curve at the end of the first 
“on” portion. The deceleration curve is 
used for a time corresponding to the ‘‘off”’ 
portion of a load cycle. The acceleration 
curve is then applied as before except 
that the velocity at the end of the pre- 
vious ‘‘off”’ period must be used to deter- 
mine the initial conditions for the new 
“on” period. Successive ‘‘on” and ‘off’ 
conditions must be assumed until the 
disk travel in any single load cycle be- 
comes a constant value. This travel is 
compared with the proper value (constant 
velocity times the ‘‘on” time) and the 
registration noted as compared to the 
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partial removal of loads should be avail- 
able. None of these deceleration char- 
acteristics for partial removal of loads 
has been included in the data of this in- 
vestigation. 

The experimental check was obtained 
by applying intermittent loads of a defi- 
nite nature and comparing the actual 
registration of the meter for a known 
number of cycles ‘‘on” with the regis- 
tration of the meter for the same number 
of cycles ‘‘on” for a continuous load of 
the same magnitude, power factor, and 
wave form. These check load cycles 
were chosen to correspond to those for 
which the errors were predicted from 
characteristic curves. 

The predicted curves of figure 3 are 
for sinusoidal voltage and current varia- 
tions. The experimental circuit currents 
correspond closely to that of a continuous 
welder. The harmonics in such load 
currents may be expected to influence 
the registration of the meter to some 
extent. Experimental investigation of 
this factor by the authors in the case of 
continuous loads indicates that the 
effects of such proportions of harmonics 
as are present in those load currents 
will not introduce an appreciable error 
in registration. The influence of this 
factor on the registration of a meter on 
intermittent loads should be very nearly 
the same as for constant loads having the 
same wave shape since the same torque 
factors would be affected by the harmonic 
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components. For loads of short periodic 
duration, the effect of the corrective ad- 
justments also is important. The light 
load compensation should be carefully 
adjusted, otherwise its effect will in- 
fluence the shape of the registration 
curve. See paragraph (b) of the next 
section. 

It will be noted that the maximum 
error in registration of the meter, used as 
an illustration, occurs when the duration 
of the load is from two to four cycles. 
Certain welder controls are commonly 
set for this period of operating time in 
order to give the proper working condi- 
tions for the materials being processed. 
It will be noted that the magnitude of 
the predicted maximum error is nearly 
independent of the period of load. This 
is borne out by the experimental results. 
Tests have indicated that, in the older 
designs of meters, this error is greater 
than in the more modern meter designs. 
This, no doubt, is caused by a different 
relationship between the various torque 
components in these classes of meters. 

In some of the meters tested, when 
adjusted within the limits of accepted 
commercial accuracy, this maximum error 
was as great as 20 per cent. More than 
normal care in adjusting the meters 
resulted in the marked reductions in 
the maximum error. 

The registration error due to intermit- 
tent load must approach zero as the 
acceleration portion of the load cycle 
approaches zero or 100 per cent of the 
load cycle. At some other value of the 
duration of load the error must be a 
maximum. The per cent of the inter- 
mittent period at which the maximum 
error occuts depends upon the design of 
the meter and the length of the inter- 
mittent period. The curves of figure 3 
illustrate a simple load cycle with the 
load completely on or off. For other 
load cycles other registration curves 
would be obtained. 


Effects of Power Factor, Light-Load 
Adjustments, and Wave Shape 


(a) Power Factor. The power factor 
of an intermittent load will influence the 
relative values of the accelerating and 
decelerating torques. This influence may 
be divided further into (1) effects on 
driving torque, (2) effect on friction- 
compensating torque, and (3) effect on 
current-damping torque. The exact in- 
fluence of power factor on each is not 
known quantitatively but it may be 
shown (see appendix) that these three 
torque components may be affected. 
The driving torque per ampere will be 
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decreased as the power-factor angle is 
increased. This in turn may affect in- 
directly the friction compensation be- 
cause of a new resultant flux per unit of 
_ driving torque. The new resultant flux 
may be shifted in time phase relative 
to the original flux, which may cause a 
change in the magnitude of the friction- 
compensating torque. 

The effect of power factor on the cur- 
rent-damping torque is a function of 
_ current-coil flux. The flux will increase 
as the current increases but in a propor- 
tion which is dependent on the properties 
of the magnetic circuit.. The effect at 
normal current values will be approxi- 
mately in proportion to the current change 
per unit of power. 

The net effect of small changes in power 
factor alone on the intermittent-load 
characteristic of the meter is ordinarily 
a minor one, because of the small net 
changes which occur in the total torques. 
Figure 4 shows the starting and stopping 
characteristic curves for a meter at two 
widely different power factors. The 
curve at the lower power factor indicates 
a longer time required to reach constant 
velocity from rest for the same load but 
the decelerating periods are the same. 
The elapsed time for a complete start- 
stop cycle is greater at the lower power 
factor and as a result the total travel of 
the disk is greater for the complete 
cycle. This increased time for a complete 
start-stop cycle will affect the meter 
performance on very short interval loads 
where the meter does not reach the true 
load velocity. For the loads of longer 
duration the error in starting and stop- 
ping is decreased and it is quite possible 
to have a meter with a combination of 
torque values which will give correct 
registration at some low power factor. 
Depending upon the adjustments of a 
meter, low lagging power factor loads 
may cause the registration error to be- 
come negative. 


(b)  Light-Load Adjustments. The 
curves which have been shown (figures 
1, 2, 3, and 4) have been determined with 
_ the light-load adjustments as carefully 
adjusted as possible for all the meters 
used in these tests. The influence of this 
light-load compensation and how it can 
affect the meter performance on inter- 
mittent load is indicated by the regis- 
trations at three different positions of 
the light-load compensator for the same 
meter load. This influence is indicated 
in figure 5. The three points on the 
curve for this periodic load (three cycles 
on and five cycles off) are for the com- 
pensator positions of (1) ready to creep 
backward, (2) mid-position of compen- 
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sator, and (3) ready to creep forward. 
The mid-position of the friction com- 
pensator corresponds very closely to the 
actual position used when this meter 
was in the original test circuits. Several 
test runs were made with the compensator 
at various positions and for intermittent 
loads of different periodic durations. It 
can be inferred from figure 5 that the 
component of torque from the compensa- 
tor will be of great importance for loads 
of short periodic duration but will be less 
important as the period becomes longer, 
It is believed that more than ordinary 
care should be exercised in adjusting the 
compensator if the meter is to be used on 
a circuit which has a transitory load of 
major importance and of comparatively 
short periodicity. 

(c) Wave Shape. Care was exercised 
in making comparisons between the 
performances for different load durations, 
that the wave shapes of the current and 
voltage were constant. The study of the 
effects of wave shape is separate and 
apart from this load study, but tests have 
been made which show that wave shape 
will influence the registration of a meter 
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Figure 5. Effect of friction-compensator 
position on watt-hour meter accuracy for 
intermittent loads of short duration 


A-A—One cycle on and seven cycles off 
B-B—Three cycles on and five cycles off 


and for that reason only performance 
curves for the same wave shapes were 
compared in determining the meter 
accuracy. 


Conclusions 


1. The stroboscopic photographic data of 
the meter accelerating and decelerating 
characteristics can be used to predict witha 
good degree of accuracy the performance 
characteristics on most types of intermittent 
load. This is indicated by the comparison 
of the predicted and the actual test curve 
shown in figure 3. 


9. The relative effects of the various 
torques influence the registration of a meter. 
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If the speed of the disk is low, as in the 
present-day meter, the retarding torques 
will maintain a fairly uniform relationship. 
The current-damping torque has less rela- 
tive effect in the modern meter and as a 
result, the accuracy on intermittent load 
has been improved. 


8. The character of the load cycle, that is, 
the time the load is on and the time the 
load is off, influences the registration of the 
meter, Tests indicate that the conditions 
for maximum error occur at two to four 
cycles of accelerating period. This maxi- 
mum error may be as much as 20 per cent. 
The off period apparently is not so impor- 
tant. 


4. The adjustment of the light-load com- 
pensation is extremely important and care 
must be taken to be certain that there is 
minimum friction in the moving system of 
the meter, in order that friction-compensa- 
tion-torque value may be minimized. If 
the adjustment is such that the meter is 
on the verge of creeping, an error up to 30: 
per cent may be obtained. 


5. The variation of an intermittent load 
may be of a small magnitude in comparison 
with the average value of the load. In this 
case the influence of the load variation will 
be negligible. 


6. Tests indicate that the load power factor 
influences the registration error. However, 
the damping effect of the current flux is. 
relatively small in the modern meter, and 
the power factor of the load does not affect 
the meter accuracy on intermittent loads 
as much as in meters of older design. 


7. The increased overload rating and in- 
creased ratio of driving torque to the mo- 
ment of inertia of the moving element have 
decreased the accelerating time for a given 
load change. This improvement has de- 
creased the meter error on intermittent load 
from the values found in the older designs 
of meters. 


8. For metering loads which are continu- 
ally transitory in nature, it is suggested that 
present-day meters be used and that a 
careful study of the load be made. Loads, 
such as electric welder and flashing electric- 
sign loads, should be carefully studied before 
being metered as a single load on a meter. 


Appendix 


When a watt-hour meter is recording a 
constant load at a constant speed, the total 
driving torque equals the total retarding 
torque. The relationship can be expressed 
in equation form as: 


(To+T1) —(Tut+Trt+Tct+Tr) =0 
where 


Tp=driving torque produced by the inter- 
action of the potential-coil and cur- 
rent-coil fluxes 

T, =driving torque of the light-load (fric- 
tion) compensator 

Tw=retarding torque of the permanent 
magnets 

T p=potential-flux retarding torque 

Tc=current-flux retarding torque 

Tp=retarding torque of friction 
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In order to indicate the relative impor- 
tance and effect of each term the controlling 
factors of each torque are indicated. Thus, 
the torque equation becomes: 


kiflDerde sin a+(f)¢p? sin B]— 
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Part 1=Tp expressed as a function of po- 
tential flux, current flux, and the 
angle of displacement between them 

Part 2=T, expressed as a function of the 
square of the potential flux and the 
angle of displacement between the 
resultant flux and potential flux 

Part 8=Ty expressed as a function of per- 
manent-magnet flux 

Part 4=T>p expressed as a function of po- 
tential flux 

Part 5=Tc¢ expressed as a function of cur- 
rent flux 

Part 6=T7, expressed as a function of disk 
speed plus a friction-torque compo- 
nent independent of speed 

k, =constant which includes the geometrical 

constant, gravitational constant, etc. 

f =circuit frequency 

fa =rotational speed of the meter disk 

ky =frictional constant for the disk 

Fy)=friction constant 


During the interval of transition from 
one load value to another, the torque equa- 
tion must contain another term. This term, 
which may be called the transition torque, 
may be a driving or a retarding torque 
and will be of sufficient magnitude to balance 
the torque equation at every instant. 
The transition torque will be a retarding 
torque during an increase in load and a 
driving torque during a decrease in load. 
The rate of change of the transition torque 
during a transition interval will depend upon 
the changes in the other components in the 
torque equation. Since the retarding 
torques are a function of disk speed and the 
meter registration is /fgdt, the meter reg- 
istration for loads which are for the most 
part transitory in nature, will depend on the 
effect of the transition torque. 
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HE practical work of inventing the 
polyphase induction motor, by 
Nikola Tesla and Galileo Ferraris, was 
followed by farseeing analytical studies of 
motor operation. Masterly theoretical 
analyses of the induction-motor circuit 
were made by B. A. Behrend, Alexander 
Heyland, and others. These men, 
through their insight and understanding, 
were able to devise ingenious methods 
for theoretically predetermining operating 
characteristics of induction motors by 
employing readily determined constants. 
For many years these methods of pre- 
determination were accepted and used in 
practical work. However, as knowledge 
has expanded and a higher degree of 
accuracy becomes requisite, it has been 
found that the older methods of analysis 
produce inaccuracies which are too great 
for modern requirements. The trend 
away from the older methods is clearly 
shown by abandonment of the use of the 
classical “circle diagram’’ in cases where 
highly accurate results are desired. The 
use of the former methods of predeter- 
mination results in inaccuracies due to 
several factors, the most important be- 
ing: (a) unjustified treatment of the 
exciting current, (b) the assumption that 
circuit parameters are constant when they 
are not, and (c) failure to consider the 
stray load loss. The errors resulting 
from wrong assumptions may not prove 
serious for light loading of the motor, but 
discrepancies increase as load and slip 
become greater. 
A study is made in this paper of the 
factors which produce rotor losses and 
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corresponding torque in induction motors. 
A method of accurately analyzing this 
problem is given, based upon elemental 
principles and including important effects 
which have been omitted from previous 
studies. In order that correct principles 
may be applied and accurate results ob- 
tained in practical determinations, a com- 
plete test procedure with required calcu- 
lations is outlined. The principles de- 
veloped are illustrated by tests on a se- 
lected motor. However, these principles 
are general in nature and are not limited 
in their application by the type or size 
of induction motor. In approach and gen- 
eral treatment of the subject the analysis 
differs from previously accepted methods. 
This difference is pronounced in two im- 
portant respects. In the first place, the 
analysis gives consideration to the effects 
of stray load loss. In order to predict re- 
sults the laws of variation of this loss are 
investigated and it is shown that it varies 
as the square of both current and motor 
speed. The fact that this loss plays a 
highly important part in the production 
of motor torque at all higher values of 
slip is made clearly evident. Secondly, a 
study is made of the rotor-resistance loss, 
showing that variations in the value of 
rotor resistance become a most important 
factor in such considerations. In this 
connection, the rotor effective resistance 
is studied and its variation with the fre- 
quency of the rotor circuit is determined. 
The manner in which the resulting loss 
operates to produce motor torque is shown 
clearly by the analysis. Finally, the net 
over-all torque is derived by combining 
the separate components. The results 
show great discrepancies when compared 
with conventional values. 


Investigation of induction-motor char- 
acteristics was made over a range of slip 
extending from zero up to a value of 200 
per cent. Accurate determinations show 
that the actual torque of a motor at high 
slip may have a value of two or three 
times that calculated by conventional 
methods. Discrepancies of this nature 
have been noted by other investigators! 
and are of such magnitude as to demand 
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attention. In modern applications a 
motor may be reversed by plugging, at 
which instant the slip is 200 per cent. 
In such reversing cycles both the heating 
of the motor and the torque developed 
throughout the cycle become important 
considerations. The extent of the heat- 
ing is determined by the magnitude of the 
losses and the time required to reverse the 
motor, the latter depending upon the 
_ torque developed. The magnitude of in- 
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Figure 1. Curves of stray load loss as a func- 
tion of stator current for different rotor speeds 
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stantaneous torque also becomes an im- 
portant factor in shaft design. In addi- 
tion, the results of the investigations with 
which this paper is concerned have a 
direct application in problems of poly- 
phase unbalance. In applying the sym- 
metrical-component method of analysis, 
the action of the negative-sequence cur- 
rent is made truly predictable through 
the application of the principles herein 
deduced. 


Experimental Investigation 


In order to make a practical study of 
motor characteristics, tests were made on 
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an ordinary squirrel-cage induction 
motor. To insure that the effects of 
stray load loss would not show them- 
selves in undue proportion, a motor was 
selected in which this loss was reasonably 
low, being 2.08 per cent of full-load input 
at rating. It was fortunate that con- 
siderable test information was already 
available, this motor having been used 
in previous tests.44 The motor was 
rated at ten horsepower, 550 volts, 10.3 
amperes, three phase, 60 cycles, and 1,750 
rpm. The stator had 48 teeth with 
semiclosed slots, and the rotor 57 teeth 
with coffin-shaped slots. 


The motor was directly connected to a 
calibrated d-c machine by a flexible cou- 
pling. Power from a three-phase a-c 
source, having balanced voltage which 
could be adjusted to any required value, 
was applied to the stator. Instruments 
were so arranged that both electrical 
power input and output could be ac- 
curately measured. Measurements were 
taken at several values of current while 
the speed was held constant and ob- 
served by the use of a_ stroboscope. 
Motor current was adjusted to any de- 
sired value by control of the applied 
three-phase voltage. Measurements were 
made over a range extending from rated 
current to between three and four times 
this value. The stator resistance was 
measured by a resistance bridge imme- 
diately following each run, and the fric- 
tion and windage loss of the two coupled 
machines was measured at the same 
time by driving through the d-c machine. 
Complete runs were made for speeds of 
100, 80, 50, and 25 per cent of synchro- 
nous speed in the reverse direction to the 
stator field, for zero speed with locked 
rotor, and for 25, 50, and 80 per cent of 
synchronous speed in the same direction 
as the stator field. 


Stray Load Losses 


For all points at synchronous speed in 
the reverse direction values of stray load 
loss were calculated by the reverse-rota- 
tion method.4 Each point was obtained 
by taking the difference between the net 
mechanical power input to the rotor and 
the net electrical power input to the rotor 
received from the stator. The results are 
shown by curve A of figure 1 where the 
loss is plotted as a function of stator cur- 
rent on logarithmic cross-section paper. 
Curves B, C, and D in this figure show 
the stray load loss for speeds of 80, 50, 
and 25 per cent of synchronous speed re- 
spectively. The three latter curves are 
obtained in the same manner as curve A 
except that care is taken to subtract the 
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appropriate value of net rotor power 
supplied by the stator for each speed. 
These amounts are 0.8, 0.5, and 0.25 
times the rotor power received from the 
stator for corresponding speeds. 

The black points of curve C were ob- 
tained by operation of the machine at 
0.5 speed in the same direction as the 
stator field (that is, for ordinary motor 
action). In this case the stray load loss 
is obtained by subtracting the measured 
value of net mechanical power developed 
from one-half of the rotor power received 
from the stator. The close agreement 
between values obtained in this manner 
with those obtained from reverse rotation 
at the same rotor speed indicates the de- 
gree of accuracy of the reverse-rotation 
method at this particular speed. This 
substantiates the assumption that the 
stray load loss is not affected by the di- 
rection of rotation. 

Curves A, B, C, and D of figure 1 all 
have a slope of two indicating that the 
stray load loss varies as the square of the 
current for all values of speed. 

In order to determine the law of varia- 
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Figure 2. Stray load loss as a function of 
speed at rated current 


tion of stray load loss as a function of 
motor speed, values of the loss at differ- 
ent speeds were taken from the curves of 
figure 1 at the point of rated current. 
In figure 2 these quantities are plotted as 
a function of motor speed on logarithmic 
cross-section paper. The fact that the 
resulting curve has a slope of two indi- 
cates that the stray load loss varies as 
the square of the rotor speed for constant 
current, 
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Motor Characteristics at 
One-Half Voltage 


Since it was impossible to obtain meas- 
urements at full voltage for the speeds 
selected without damaging the motor due 
to overheating, the characteristics of the 
motor were first obtained at one-half 
rated voltage. The top curve of figure 
3 shows measured stator current as a 
function of rotor speed for this value of 
constant applied voltage. The bottom 
curve gives stray load loss for corre- 
sponding speeds and currents as deter- 
mined from figure 1. This loss is pro- 
duced by rotation of the motor and con- 
sequently becomes zero at the point of 
zero speed. Being a tooth-frequency loss 
it is the same for a given speed and cur- 
rent, irrespective of the direction of ro- 
tation. 


The rotor resistance loss was deter- 
mined as the product of slip and air-gap 
power, the air-gap power being taken as 
stator input less stator copper and iron 
losses. In addition the rotor resistance loss 
was also calculated from the measured 
shaft power. In this latter case for rotation 
in the positive direction, the sum of shaft- 
power output, friction and windage loss, 
and stray load loss was divided by (1 — 
slip) to obtain the air-gap power. For 
rotation in the reverse direction the sum of 
friction and windage and stray load loss 
was subtracted from the mechanical power 
input to the shaft and the difference di- 
vided by (slip — 1) for obtaining air-gap 
power. The fact that the values of the 
rotor resistance loss obtained from the 
stator electrical power input and from 
the mechanical shaft power showed good 
average agreement indicated that the 
iron loss due to the stator leakage flux was 
of negligible importance for these calcula- 
tions. 


The rotor resistance loss thus obtained 
is of the nature of an effective resistance 
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loss and includes all components of loss 
that occur as a result of the slip-frequency 
rotor currents. In addition to the slip- 
frequency copper loss component, there 
may be components of eddy-current 
losses in the rotor circuit and slip-fre- 
quency iron losses caused by the air-gap 
and rotor-leakage fluxes. This effective 
resistance loss of the rotor is shown by the 
middle curve of figure 3. 

Each loss produces its own value of 
torque. The rotor effective resistance 
loss results in a force from the reaction 
of slip-frequency currents in the rotor and 
the air-gap field rotating at synchronous 
speed. Thus the torque can be calculated 
from the power loss and the difference in 
speed of the rotor and the synchronous 
field (that is, the slip speed). The dashed- 
line curve of figure 4 shows the torque 
resulting from the rotor effective re- 
sistance loss. At small values of slip 
a small loss produces a large torque while 
at high slip it takes a large loss to pro- 
duce the same torque. The torque re- 
sulting from the rotor resistance loss is 
the only component of torque which in 


the past has been considered in conven- 
tional calculations. The curve of rotor 
resistance loss shown in figure 3, and 
corresponding torque of figure 4 differ 
from customary calculations in that they 
are derived from actual measurements, in- 
stead of being calculated from a value 
of rotor resistance which is usually con- 
sidered as constant. 

‘The stray load loss produces a drag on 
the rotor which in this respect is similar to 
friction and windage effects. Thus the 
torque resulting from it has a negative 
value over the complete range of positive 
directional speeds, reducing the available 
torque of the motor. However, during 
reverse rotation the torque from this loss 
tends to stop the motor, thus operating 
in the same direction as the torque from 
the rotor resistance loss. Consequently 
both quantities are considered as positive 
over this range of speeds. The torque re- 
sulting from stray load loss is shown by 
the bottom curve of figure 4. It is im- 
portant to note that the stray-load-loss 
torque occurs at the speed of the rotor. 
While this loss (as shown in figure 3) does 
not appear large it may produce a rela- 
tively larger torque. If for example we 
consider relative values at the point of 
synchronous speed in reverse direction, 
we find the stray load loss is less than 
one-half the value of rotor resistance loss. 
However, while the stray load loss results 
from forces occurring at the rotor speed, 
the rotor resistance loss is produced by 
reaction with the stator field which is 
moving at double synchronous speed with 
respect to the rotor. Since the torque 
for any rotor loss varies inversely as 
the speed of the force reaction producing 
it, the difference in speed results in torque 
from the stray load loss which is nearly 
equal to that from the rotor resistance 
loss at this point. 
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Figure 4. Torque 
curves for one-half- 
voltage operation 
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_ The combination of the torque from 


Stray load loss with that from the rotor 
resistance loss gives the net torque avail-. 


able to drive the rotor. Stray load loss 
causes a reduction in torque over the 
range of direct rotation which is shown by 
the shaded portion to the right of the 
point of zero speed in figure 4. For re- 
verse-rotation operation the torque from 
stray load loss causes a marked increase 
in the net torque tending to stop or re- 
verse the motor. This effect is shown by 
the shaded portion at the left of the 
diagram, It is significant that the meas- 
ured shaft torque, after being corrected 
for friction and windage, gives a net 
value which is in complete agreement with 
the resultant of the two components, with 
the exception of a short portion of the 
curve between zero and one-half speed 
in the positive direction. The discrep- 
ancy over this range is considered to be 
the result of torque effects caused by 
harmonic components of flux. The 
full-line curve marked “net torque de- 
veloped” in figure 4 was obtained from 
measured output. 


Rotor Effective Resistance 


All losses which occur at slip frequency 
in the rotor have been considered as rotor 
effective resistance loss. This loss was 
found to vary as the square of the current 
for a given frequency but to have different 
values for the same current at different 
frequencies. This indicates that the 
effective resistance of the rotor is not 
constant. Its value for one phase of an 
equivalent wye-connected rotor was ob- 
tained by dividing the total loss by three 
times the square of the rotor current. 
The equivalent effective resistance for 
each phase of the rotor circuit is shown by 
the curve of figure 5. Since the total 
loss includes among its components hys- 
teresis and eddy-current iron losses due 
to the rotor leakage flux, it could not be 
expected that the effective resistance 
would remain constant at different rotor 
frequencies. 

The curve shows that the rotor re- 
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Figure 5. Curve of rotor resistance per phase 
as a function of frequency in the rotor circuit 
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Figure 6. Curves of 
current and losses at 
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sistance increases appreciably at higher 
frequencies, being about 1.68 times as 
large at 120 cycles (synchronous speed 
in reverse direction) as it is at very low 
frequencies. At zero speed (locked 
rotor) the resistance has risen to 1.18 
times its lowest value. 

It was found that the resistance could 
be expressed by a mathematical equation 
of the following general form 


Reg =at+te™ 


where Res is rotor effective resistance 
in ohms per phase, f is frequency in 
cycles per second, ¢€ is the base of natural 
logarithms, and a, 5, and m are constants. 
Supplying values of the constants for this 
particular case gave the equation 


Regt =0.74+0.103€° 91°87 


Characteristics at Full Voltage 


Knowing the value of rotor effective 
resistance and the laws of variation of 
stray load loss with current and fre- 
quency, motor characteristics at full 
voltage can be easily calculated if cur- 
rent values can be determined. The 
latter were obtained by extrapolation of 
current-voltage curves taken at constant 
speed. A slight curvature in such curves, 
extending up to a point of approximately 
twice rated current, indicated small 
effects due to tooth saturation. For 
higher values of current the curves be- 
come straight lines permitting accurate 
extension to the point of rated voltage. 
Current values obtained in this way are 
shown by the top curve of figure 6. 
The rotor resistance loss then was cal- 
culated using values taken from figure 
5, and the stray load loss was obtained 
by extrapolation of curves of figure 1. 
The resultant loss curves are also shown 
in figure 6. 
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Torque values corresponding to each of 
the losses were obtained in the manner 
previously described for the one-half 
voltage characteristics. The resultant 
net torque curve was then found by com- 
bining the torque components as in 
figure 4. This net torque developed at 
full voltage is shown by the full-line curve 
of figure 7. Stray load loss has a more 
pronounced effect in altering the torque 
curve at full voltage than at one-half 
voltage due to the fact that this loss and 
its corresponding torque vary as the 
square of the current. The full-voltage 
torque curve is obtained on the assump- 
tion that both rotor and stator resistance 
remain unchanged from heating by the 
high currents, which would not be the 
case if such currents were maintained for 
more than a very short period. This 
torque curve is quite accurate except 
over the range of motoring speeds ex- 
tending from zero to approximately one- 
half synchronous speed. Over this 
range harmonic fluxes may cause changes 
in torque which are difficult to predict. 

In order that this speed-torque char- 
acteristic might be compared with the 
curves calculated in the conventional 
way from constants measured under 
locked-rotor conditions the latter are also 
given. The dotted-line curve marked 
“theoretical—A”’ is derived from circuit 
parameters measured at zero speed with 
current corresponding to the point of 
rated voltage. Consequently it agrees 
with the actual curve at this point. The 
dashed-line curve labeled ‘‘theoretical— 
B” is computed from locked-rotor circuit 
parameters taken at the point of rated 
current. The rotor effective resistance 
was the same for these two cases, but the 
combined leakage reactance was larger 
for the case of rated current. This latter 
difference was due to magnetic saturation 
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Figure 7. Compari- 
son of actual torque 
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in the path of the leakage flux as above 
mentioned. This difference in value of 
leakage reactance produces very different 
theoretically computed speed-torque 
curves. However, the important fact to 
note is the pronounced difference between 
the actual torque and that obtained by 
calculations from locked-rotor data. At 
synchronous speed in the reverse di- 
rection the actual torque developed is 
more than three times that computed 
by conventional methods. 


A New Accurate Method 


The ability to obtain accurate ‘char- 
acteristics of induction motors without 
actually measuring them is most desir- 
able. It is evident that if such predeter- 
mination is to be made it will require 
more information than can be obtained 
from locked-rotor and no-load tests. The 
effects of stray load loss and the variation 
of rotor effective resistance as a result 
of change in rotor frequency must be 
taken into consideration. These effects 
may be included readily by adopting the 
following procedure. 

In addition to the customary locked- 
rotor and no-load tests two additional 
tests become necessary. These are a 
reverse-rotation test and an ordinary load 
run. The reverse-rotation test has been 
fully specified in a previous paper4 which 
should be referred to for a complete de- 
scription. This test, which is made at 
synchronous speed in reverse direction, 
should include data over the range of 
current from rated value up to as high an 
amount as can safely be used without 
overheating the machine. The test will 
give stray load loss as a function of cur- 
rent at synchronous speed. By applica- 
tion of the law that this loss varies as 
the square of current and speed its value 
can be calculated for any required condi- 
tion. The rotor effective resistance loss 
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can be readily obtained by taking twice 
the air-gap power for points of test. 
Knowing the resistance loss for given 
values of current the rotor effective re- 
sistance can be calculated readily at 
double frequency. A current-voltage 
curve can also be plotted, which when 
extended as a straight line above the 
point of saturation will give the current 
for rated voltage. 

The locked-rotor test would be made 
as in the past over as large a range of 
current as possible. The results should 
be shown in a current-voltage curve 
which may be extended as above to the 
point of rated voltage. Impedance per 
phase can be calculated from voltage and 
current at this point. Then by using 
the average value of input effective re- 
sistance a value for total inductive re- 
actance can be obtained. Measurement 
of stator resistance will permit deter- 
mination of the rotor resistance by sepa- 
ration. 

An ordinary load run should be made 
in which the slip is measured with high 
accuracy. Output power is not an im- 
portant measurement as air-gap power 
can be obtained by subtracting stator 
copper and iron losses from measured 
input power. Multiplication of air-gap 
power by slip will give the rotor resist- 
ance losses. Rotor current is found by 
vector subtraction of the exciting com- 
ponent from the stator current. Rotor 
resistance per phase is then computed 
from rotor losses and rotor current. 

We now have three points of rotor effec- 
tive resistance, that is, points at low rotor 
frequency, locked rotor, and double fre- 
quency. This will permit the drawing of 
a curve of rotor resistance similar to that 
of figure 5. It now remains only to find 
current values for rated voltage in order 
to determine rotor resistance loss and 
stray load loss. Current at no load and 
at rated load has been obtained by meas- 
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urement. Also, values of current are 
available for the locked-rotor point and 
for that of synchronous speed in reverse 
direction. This leaves points of current 
between that of zero speed and full load to 
be determined. Values of rotor resistance 
over this range are available from the 
curve. By assuming values of slip and 
dividing the corresponding rotor resist- 
ance by it we obtain the equivalent circuit 
secondary resistance. The total input 
resistance is obtained by addition of 
primary resistance to secondary equiva- 
lent resistance. This may be combined 
with the input reactance obtained from 
the locked-rotor test to find the total 
input impedance. It has been found 
that leakage reactance remains nearly 
constant over this range of speeds, but 
any slight variation therein is not serious 
because of the greater importance of the 
rotor equivalent resistance. Knowing the 
equivalent impedance, current values can 
then be calculated for any given speed. 
As the current curve appears to be al- 
most a straight line between zero speed 
and synchronous speed in reverse the 
complete current curve can now be 
drawn. Loss curves can be determined 
and corresponding torque curves ob- 
tained. Resultant torque is then found 
by combination of the component values. 
The experimental work necessary to ob- 
tain accurate determinations as above 
described is not increased greatly over 
that required for conventional deter- 
minations, the main additions being the 
reverse-rotation test and the measure- 
ment of slip for a corresponding value of 
power input under load. Calculations 
are simple and straightforward with the 
separate steps following in a logical man- 
ner. 
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1 Rew tendency of power-supply and 
distribution systems to cause ex- 
traneous currents to flow by induction 
into telegraph lines has presented a 
diversity of problems which are of con- 
cern to both interests. No one solution 
is found to be of general application; 
rather it ordinarily is necessary that each 
situation be made the subject of in- 
dividual study. 

In different instances it may be most 
economical to control the interference by 
attention to the design of the power 
system, or by choice of routes for each 
line, or by mitigative equipment applied 
directly to the telegraph system. The 
present paper will be limited in scope to 
the third class of control methods; it 
will describe various special devices which 
may be applied in different cases to the 
telegraph circuit for reducing the power 
interference, with indications of their 
accomplishments and of their limitations. 

The discussion herein is in particular 
reference to interference which tends to 
continue during normal working of the 
power systems, although some of the 
devices referred to are also effective in 
removing those more severe surges which 
occur at times of power line or equipment 
failures. Extraneous voltages are in- 
duced where power and telegraph lines 
parallel, and tend to reduce the capacity 
and the dependability of the telegraph. 
An exposure one mile in length at a 
separation of a few hundred feet may 
result in a small or a severe interference 
dependent upon the nature of the power 
system and type of telegraph circuits. 
The voltages are caused by the magnetic 
field created by the power system, which 
interlinks the telegraph wires. The elec- 
tric field from the power line is seldom of 
importance. 

Usually the fundamental frequency of 
the power system, 25, 50, or 60 cycles, is 
of chief concern. Sometimes the third 
harmonics of these create interference. 
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In our experience no cases have occurred 
where harmonics higher than the third 
have created interference to physical 
telegraph circuits. The interference is 
most severe where some part of the power 
current flows in the earth, as may be the 
case when neutral points are grounded, 
or as always occurs in electric-railway 
practice. 

As distinct from power practice the 
telegraph circuits ordinarily are not 
worked at any standardized frequencies. 
The assigned speed of each telegraph 
depends upon the amount of business be- 
tween the terminuses; economical con- 
siderations require that where the busi- 
ness is sufficient to justify, the speed shall 
be the maximum practical working 
capacity of the line between the points. 

The consideration that in this country 
there are many situations where large 
volumes of telegraph business exist be- 
tween cities widely separated, has created 
a strong incentive to develop the maxi- 
mum telegraph line speeds. As part of 
this objective Western Union has en- 
deavored to survey every practical 
method for minimizing the effects of 
power induction. 


Review of Theory of 
Telegraph Transmission 


The transmission of intelligence by 
telegraph requires that current, controlled 
in accordance with a code and represent- 
ing the message to be sent, shall be im- 
pressed on the line and shall be correctly 
interpreted at the distant end of the line. 
The discussion herein will be in particular 
reference to the multiplex printing tele- 
graph system, which serves for the more 


important message circuits and which 
utilizes probably the most efficient 
available code. However, the funda- 
mental problems of line transmission are 
the same in all telegraph systems. 

In the multiplex each letter or figure is 
represented by a code character -con- 
sisting of five units of time. During each 
time unit there is applied to the line 
either positive or negative battery as 
indicated in figure 1, the battery ordi- 
narily being of 160 volts. No space oc- 
curs between consecutive characters. 
A measure of the speed of the circuit is 
the “dot frequency” or the “funda- 
mental signaling frequency” of the cir- 
cuit, which is the reciprocal of the time 
required for two consecutive units in the 
code character. 


During its passage along the line the 
telegraph signal becomes rounded and 
the current becomes weakened. The 
practical working circuit speed is limited 
by the amount of weakening of the signal 
which can be tolerated in the presence of 
such extraneous currents as then exist. 
Any induced currents from external 
sources are of course superposed on the 
received telegraph current, and amounts 
of induction exceeding about six volts 
are sufficient to cause a measurable im- 
pairment of the telegraph. 


In field measurements of telegraph 
transmission it is customary to examine 
the current sent and received, and the 
rate of change of the current between 
reversals. However, for analytical pur- 
poses it often is useful to regard the circuit 
as an a-c transmission system. While 
telegraph transmission would appear 
superficially to be wholly different in 
principle from that of power supply, 
there is only this basic difference, that 
while the power supply system need 
transmit one frequency only, the tele- 
graph circuit must be capable of sending 
a band of frequencies the lower limit of 
which is zero frequency and the upper 
limit of which is somewhat above the 
dot frequency. 

If in the telegraph transmitter a given 
combination of signals is set up and is 
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repeated over and over, the combination 
may be analyzed by well-known methods 
into the sum of a number of sinusoidal 
waves of definite frequencies. In figure 
2 are shown the frequencies contained in 
certain signal combinations when re- 
peated again and again. Values above 
200 cycles are not shown, although ac- 
tually they continue with decreasing 
amplitude to infinite frequency. 
Commercial telegraph traffic, of course, 
is made up of random reversals of voltage 


RECURRING SIGNAL 
COMBINATIONS 


cause distortion or mutilation of the re- 
ceived signals. 


Devices for Separating Power 
Induced Voltages From Telegraph 


Once extraneous voltages have been 
induced from a power system into tele- 
graph, their removal is difficult only be- 
cause of the need for minimizing any 
direct impairment to the telegraph. 
Equipment for removing the interference 
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rather than of recurring signal combina- 
tions. In strictly random traffic the 
frequency spectrum is found to be con- 
tinuous, that is, it contains substantially 
all frequencies from zero upwards, rather 
than certain discrete frequencies. 

If the telegraph circuit were to trans- 
mit all frequencies without reduction in 
amplitude and in correct phase, the re- 
ceived signal would be identical to that 
sent. In practice the upper frequencies 
are reduced or removed in traversing the 
line, and the effect on received signal 
shape is to cause the rounding previously 
referred to. A certain degree of such 
rounding is not objectionable and may be 
desirable. In practice it is found that 
frequencies above about 1.6 times the dot 
frequency are not essential in the re- 
ceived signal, although some advantage 
is gained if harmonics up to the third or 
even the fifth are present. Any material 
alteration of those frequencies which are 
in the useful or essential range tends to 
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Figure 3. Multiwire 
neutralizing _trans- 
former 


must not introduce any material added 
impedance into the telegraph nor remove 
any essential components of the tele- 
graph currents, otherwise its objective 
is defeated. Among telegraph circuits 
carried along a common route there 
ordinarily is some tendency to induce 
currents known as “cross fire’’ into each 
other; the equipment for removing power 
interference must not increase such cross 
fire. 

Interference of course can be removed 
by replacing the customary ground- 
return telegraph circuit by a metallic 
telegraph, using two line wires instead of 
one. Or a carrier telegraph may be sub- 
stituted. Placing the wires in cable, 
particularly if armored, is effective for 
the purpose and also affords mechanical 
protection, but is expensive. An in- 
crease in the voltage of the telegraph 
battery helps to a small extent in over- 
riding induced voltages. Such atrange- 
ments occasionally may be justified to 
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reduce power interference, but hardly can 
be considered to be a general solution as 
a co-ordinative measure. 

Devices for removal of induced power 
voltages are of two general classes. In 
the first a pilot wire set aside for the cor- 
rection, is placed on the pole line carrying 
the telegraph wires and extends through- 
out the length of the exposure to power. 
The second class of devices depends upon 
tuning to remove the sinusoidal power 
current. 


Mitigative Systems 
Including a Pilot Wire 


The pilot wire is exposed to the same 
induced voltage as the telegraph wires. 
This is conducted by the pilot wire into 
suitable equipment which in turn applies 
to the telegraph wires a voltage to 
neutralize the interference. 


NEUTRALIZING TRANSFORMER 


Illustrated in figure 3, this is a rela- 
tively simple device which under suitable 
conditions is fairly effective. In one 
form it was used early by Professor C. F. 
Scott. All wires on the pole line may 
be cortected simultaneously, all trans- 
former coils in the multiwire transformer 
being wound on the same iron core. 

As at present developed the step-up 
ratio is only slightly above unity, and the 
inductance of the primary winding is 
tuned to the disturbing frequency. To 
prevent partial saturation of the core by 
currents in the telegraph wires, an air 
gap is included in the core. The cor- 
rection of voltages up to 200 in an expo- 
sure 20 miles in length, has been obtained 
with a transformer weighing 500 pounds, 
in as many as 34 wires carried on the same 
pole line. The removal of power inter- 
ference is nearly perfect unless limited by 
conditions such as local earth potentials 
at the grounding points, but the system 
tends to add cross fire between the various 
telegraph circuits. 

As in all other correcting systems it is 
necessary to examine the direct effect of 
the transformer on the telegraph cur- 
rents. The transformer adds impedance 
in each telegraph wire, but more im- 
portant is the cross fire induced between 
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Figure 4. Neutralizing transformer for correc- 
tion of two frequencies 
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the various wires. These effects may be 


controlled by holding to a low value the 


resistance of the primary circuit. That 
is, a mutual impedance exists between 
each pair of telegraph circuits, which 
may be considered to consist of an in- 
ductance shunted by the capacitor and by 
the primary circuit. The resistance of 
the latter including the wire and its 
earth connections should not exceed 40 
ohms and preferably should be lower. 
To this end there have been used pilot 
wires as large as number 3 Brown and 
Sharpe gauge, with earth connections 
made of a dozen paralleling grounding 
pipes. The limitation in resistance ob- 
viously sets a limit on the length of ex- 
posure in which a multiwire neutralizing 
transformer can be used economically, 
where high-speed telegraph circuits oper- 
ate. 

If the telegraph circuits are worked at 
low speed, or if a separate pilot wire is 
provided for each telegraph circuit, the 
limitation as to length becomes less 
difficult. Individual line neutralizing 
transformers have been used in exposures 
up to 60 miles in length using a pilot 
wire of number 9 Brown and Sharpe 
gauge in a relatively low-speed telegraph 
circuit, for correction of 25-cycle inter- 
ference. 

The neutralizing transformer may be 
used for simultaneous correction of sev- 
eral frequencies. An arrangement in 
service for removing 25- and 75-cycle 
interference is shown in figure 4, and in- 
cludes, in addition to the transformer, a 
second capacitor and an added reactor. 

The above transformers were designed 
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Figure 5. Neutral- 
izing generator 


for use during normal working of the 
disturbing power or railway system. A 
unique application has been made in a 
five-mile exposure of an electrified rail- 
way to circuits of a burglar-alarm system, 
where frequent railway short circuits 
caused false alarms by induction. In 
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this case the induction reached values 
over 100 volts which were interrupted in 
about one cycle through the operation of 
railway circuit breakers. A transformer 
was provided which could adjust itself 
sufficiently quickly to correct the tran- 
sient voltage, by tuning to 25 and 50 
cycles through the use of two coil- 
capacitor units shunting the primary coil, 
and was effective in neutralizing the 
abrupt severe surges of voltage. 


NEUTRALIZING GENERATOR 


The neutralizing generator formerly 
has been in service use but is now super- 
seded by the system next to be described. 
It will be discussed briefly because of the 
light it throws on the general problem. 

Various arrangements of this have been 
developed, of which one is shown in figure 
5. <A multiwire transformer is energized 
by means of an a-c generator, and coun- 
terbalances the induced voltages both in 
telegraph wires and in the pilot wire. 
Any residual voltage in the latter is 
rectified in a mechanical rectifier driven 
synchronously with the generator, and 
after amplification serves to correct the 
voltage of the generator and the speed of 
the driving motor until the correct com- 
pensation is effected. 

The system is effective in correcting 
interference, but is sluggish in adjusting 
itself when changes occur in the induced 
voltage. All a-c components of the 
telegraph signals must flow through the 
generator armature, and in order to 
minimize the addition of impedance in 
the telegraph wires and the tendency to 
cause cross fire between them, the im- 


pedance of the armature must be held to 
a low value. The pilot wire may be of 
the wire size ordinarily used for teleg- 
raphy, and the system is practical for 
exposures much longer than is the multi- 
wire neutralizing system previously de- 
scribed. 
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NEUTRALIZING AMPLIFYING SYSTEM 


This system is probably the most 
valuable of those available. It has 
made it possible to maintain practically 
normal operation in over 260 telegraph 
wires which are exposed to interference 
at 25 cycles from the electrified zone of a 
large eastern railroad, where voltages 
approaching 200 volts are induced. 
The system is also in use elsewhere for 
correcting interference at 60 cycles. 

The neutralizing amplifying system is 
illustrated in figures 6 and 7. As with 
systems previously described, a trans- 
former serves to impress on each tele- 
graph wire a voltage to counteract the 
disturbing voltage induced in line wires. 
In this case the transformer is energized 
by a vacuum-tube amplifier. The volt- 
age induced in the pilot wire is also op- 
posed by the voltage in one coil of the 
transformer, and the residual is impressed 
upon the amplifier. The ratio of the 
potentiometer is not the same as the turns 
ratio of the opposing coil with respect to 
the line coils. Through adjustment of 
each of these ratios it is possible to obtain 
a step-up action which provides neutrali- 
zation approaching 97 per cent. Since 
the system is aperiodic, it is able to 
neutralize sudden surges of voltage such 
as caused by power-system short circuits, 
as well as continuous interference within 
the voltage limitations of the equipment. 

The manner of providing for the 
passage of the useful telegraph currents is 
unique. It might appear that the ar- 
rangement would impress a high im- 
pedance upon the telegraph currents, 
and would tend to add cross fire between 
circuits. The circuit, however, is such 
that a current is caused to flow in the 
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transformer coil in the output of the 
amplifier, which (corrected for turns 
ratio) is equal to the sum of the telegraph 
currents in all line coils, thus cancelling 
any flux in the transformer due to tele- 
graph currents. If the current in the 
output coil departs from the amount to 
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Figure 7. Neutralizing amplifying system for 
correction of 150 volts at 25 cycles in 60 tele- 
graph wires 


balance the telegraph currents, a residual 
voltage is immediately impressed upon 
the input of the amplifier tending to 
correct that condition. 

A complication occurs in connection 
with the cross fire which normally occurs 
between telegraph wires carried on a 
given pole line. If the cross fire between 
all circuits including the pilot wire were 
equal, this system would also be effective 
in reducing the cross fire. Actually it is 
impracticable to locate the pilot wire in 
a manner to prevent its being affected by 
enhanced cross fire from a few wires, and 
unless compensated that cross fire would 
interfere with the operation of the system 
as a whole. Where high-speed telegraph 
circuits are present a correction for this 
crossfire’ condition is necessary and is 
shown in dotted lines in the figure. 

With one set of the neutralizing equip- 
ment as shown, a limitation exists in the 
distance that the exposure may extend 
from the equipment, because of phase 
changes along the wire. The efficiency 
tends to decrease where the distance ex- 
ceeds 20 miles in the case of 60-cycle in- 
terference, or where it exceeds 40 miles 
with 25-cycle interference. These dis- 
tances are reduced if the telegraph wires 
are in cable. These limitations are re- 
moved by utilizing two sets of equip- 
ment, one at or beyond each end of the 
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exposure, in which case the pilot wire may 
be 200 miles or more in length. 

An arrangement somewhat similar in 
principle to the one illustrated was first 
shown by H. M. Trueblood of the Bell 
Telephone Laboratories. In its present 
form the system was developed here by 
W. D. Cannon. 


Mitigative Systems 
Dependent Upon Tuning 


Many combinations of reactors and 
capacitors have been proposed with the 
view to reducing or removing extraneous 
sinusoidal currents by tuning. The ex- 
pense of a pilot wire is thus avoided. 
The tuning removes those same fre- 
quencies from the useful telegraph cur- 
rents and thus may impair the operation 
of the telegraph circuit by an amount 
dependent upon the relative frequency 
of the telegraph and the interfering fre- 
quencies, and upon the breadth of the 
tuning. A description of a small number 
of tuned devices will suffice to illustrate 
their practical value in mitigating inter- 
ference. 


RESONANT SHUNTS AND 
RESONANT CHOKES 


A simple resonant shunt or choke, as 
shown in figures 8A and 8B, was intro- 
duced early for removal of interference. 
It may remove 95 per cent of the inter- 
ference, but because of its coincident re- 
moval of useful telegraph currents it can 
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be used only where the dot telegraph fre- 
quency is less than about half of the 
interfering frequency. This greatly re- 
stricts its use in modern systems of 
telegraphy. The effectiveness of the coil 
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increases with its size; the above state- 
ments are based upon the use of an in- 
ductor weighing 20 pounds. 

While simple resonant devices cannot 
be used for removal of 25- or 60-cycle 
interference from high-speed telegraph 
circuits, the resonant shunts are effective 
in such circuits where the interference 
results from power harmonics at 180 cy- 
cles. For application where conditions 
permit, the resonant shunt is placed in 
parallel with the working telegraph relay. 
The resonant choke is convenient for use 
in “way” telegraph circuits where a num- 
ber of stations operate on the same line, 
since one choke may serve where several 
of the resonant shunts would be required. 


BALANCED DOUBLE-RESONANT 
NETWORK 


A balanced arrangement shown in 
figure 8C was proposed by E. Blakeney 
and R. E. Chetwood, which in theory may 
remove all of the interference. The 
resistor is adjusted to equal the a-c re- 
sistance of the coil and capacitor at 
resonance. Advantage may be taken of 
the arrangement to increase the value of 
the inductance and reduce the amount of 
capacitance, with the result that the im- 
pairment to the telegraph is much re- 
duced. 

That arrangement has been little used, 
but a development from the same princi- 
ple is the balanced double-resonant net- 
work shown in figure 9. The theory of 
this is rather involved, but it may be con- 
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sidered that the a-c resistance of a double- 
resonant shunt is balanced against that 
of the resonant choke combination in a 
manner to remove nearly all interference. 
Partly through the circuit design and 
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partly through an increase in the weight 


and effectiveness of the inductors, a much 
improved performance results. Each in- 
ductor is designed to offer the highest 
ratio of reactance-to-resistance obtain- 
able within practicable size limits. The 
cores are of silicon steel and contain air 
gaps. This device is wholly practical, 
and with some moderate impairment of 
the telegraph currents it may be used 
where the telegraph dot frequency ap- 
proaches nine-tenths of the interfering 
power frequency. Typical plots showing 
the efficiencies of various tuned devices 
in removitig interference are shown in 
figure 10. 

The effectiveness of the balanced 
double-resonant network is dependent 
upon the power frequency remaining 
nearly constant. Failures of the device 
in removing interference have occurred 
because of variations in the frequency 
of the disturbing power system. 


SYNCHRONOUS SELECTIVE 
NEUTRALIZiNG SYSTEM 


The arrangement just described pro- 
vides nearly the practical limit of sharp- 
ness of tuning which may be secured with 


EFFICIENCY - PERCENT 
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direct use of coil-capacitor tuning. It is 
possible to obtain selectivity many times 
closer through the use of mechanical 
tuning, or by an arrangement which in- 
volves rectification, a delay network, and 
reconversion to alternating current. A 
system of this type is indicated in figure 


Table I. Telegraph Dot Frequencies Which 
Conflict With Operation of 60-Cycle Synchro- 
nous Selective Neutralizing System 
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The values listed include only those which occur 
within the customary range of operation of the 
stated equipment. 
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11. With such tuning as plotted in 
figure 10, the amount removed from the 
telegraph frequency spectrum is so 
narrow, presuming that random telegraph 
traffic is transmitted, that the impair- 


Figure 11. Synchro- 
nous selective neu- 
tralizing system 


that the prominent frequencies are given 
by the formula nF/5, where F is the dot 
telegraph frequency and m takes all in- 
teger values from one to infinity. For 
the three-channel multiplex the formula 
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ment to the telegraph signals is not se- 
rious, and the telegraph dot frequency is 
not limited to values below the disturbing 
frequency as was the case with other 
tuned devices. 

In practice a complication occurs be- 
cause the telegraph signals are not 
wholly random. Certain characters, for 


Figure 10. Effi- 
ciency of removal of 
sinusoidal currents 

by tuned devices 


«cn 


example the letter ‘‘e’, the space be- 
tween words, etc., occur more frequently 
than others. When one multiplex chan- 
nel is idle a blank is transmitted re- 
peatedly, and at times circuit testing is 
done with a recurring set of characters. 
When telegraph signals containing such 
combinations are analyzed into their 
sinusoidal components (see section on 
telegraph theory) it is found that certain 
frequencies are more prominent than 
others and if one of those frequencies 
should nearly coincide with the inter- 
fering frequency there is impairment of 
signals and possible cross fire between cir- 
cuits. 

The values of those prominent fre- 
quencies have been computed by setting 
up combinations of signals likely to occur. 
For a two-channel multiplex it is found 
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is 2nF/15, and in the four-channel 
multiplex it is ~F/10. An exception is 
that frequencies of 2F, 4F, 6F, etc., are 
not present, and frequencies near those 
values are of little importance. 

There are, therefore, limitations upon 
the telegraph circuit speeds which can be 
worked to best advantage on a line where 
a synchronous selective neutralizing sys- 
temisinuse. A list of the telegraph dot 
frequencies to be avoided under these 
circumstances, as determined from the 
above formulas, where the interference is 
at 60 cycles, appears in table I. 

Provision for passage of the useful 
telegraph currents is made in the same 
manner as in the neutralizing amplifying 
system previously described. The sys- 
tem is of course quite complex, and has 
the further disadvantage that a time 
interval of the order of 20 seconds is re- 
quired for it to readjust itself for changes 
in amount of induced voltage, this slug- 
gishness being a corollary of the extra- 
ordinarily sharp tuning. During that 
interval the interference remains partly 
uncorrected. Arrangements are incor- 
porated for automatic adjustment of the 
frequency of the tuning to follow normal 
changes in the frequency of the power 
system. Interference from two unsyn- 
chronized power systems cannot be 
neutralized by a single set of this equip- 
ment. 


Discussion and Conclusions 


This discussion of methods for mitigat- 
ing interference obviously has been quite 
one-sided, since due to limitations of 
space there has been no discussion of 
matters of design of the power system 
which may influence the interference, yet 
in many cases the best solution will call 


TRANSACTIONS 473 


for some modification of the plans of the 
latter. Such matters are dealt with in 
various other publications. In general 
those features should receive considera- 
tion with every exposure, since the only 
procedure that can be justified is that in 
which the greatest total benefit is ob- 
tained with a minimum total expenditure. 

Many devices have been investigated 
for application to telegraph circuits for 
removing interference, and of those the 
preceding has been limited to descrip- 
tions of a small number sufficient to indi- 
cate their general range of usefulness. 
Neutralizing systems embodying a pilot 
wire through the exposure are effective 
for all classes of telegraph service, and 
are most useful where the exposure is 
short and where many wires can be cor- 
rected with one set of equipment. Sys- 
tems dependent upon tuning are fre- 
quently unsuitable because of a greater 
tendency to cause direct detrimental 
effects to the telegraph currents, but 
find application in some circumstances 
where pilot-wire methods would be un- 
economical. 

But because of the cost, of the added 
complexity in telegraph circuits already 
highly complex, and of the weakening 
of the useful signaling currents in some 
cases, there are often objections to the 
use of such correcting equipment in ex- 
posures causing moderate or small 
amounts of power induction. In each 
instance there is some minimum value 
of induced voltage below which the appli- 
cation of neutralizing devices is not 
justifiable. To the telegraph company 
the most serious type of exposure is that 
which creates small interference only— 
a conclusion which follows from the fact 
that such exposures are far more numer- 
ous than the more severe ones, and their 
damaging effect upon telegraph service is 
to some extent additive. 

However, the application of neutraliz- 
ing devices to the telegraph circuits is 
proper where conditions are such that the 
creation of an exposure causing material 
induced voltages is justifiable, and fortu- 
nately it is possible to state that through 
the use of different methods in different 
cases there have been few exposures 
which during normal conditions of the 
power system, are so severe individually 
as to effect any serious impairment to 
telegraph service. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 
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Harmonic Theory of Noise in Induction 
Motors | 


WAYNE J. MORRILL 
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Synopsis: This paper presents a theory of 
noise generation particularly adapted to use 
with small motors. Since single-phase mo- 
tors predominate in the small-motor field, a 
single-phase point of view has been em- 
ployed. 

The underlying philosophy of the paper is 
to reduce the theory to simplest terms and 
to concentrate attention upon the most 
probable sources of noise. While the results 
are shown as a large collection of numbers 
representing force waves the development 
steps of the theory are really simple and 
easily understood. 

The resultant air-gap flux wave in an in- 
duction motor is the difference between the 
fundamental stator flux plus its harmonics 
and the fundamental rotor flux plus its har- 
monics. The difference between the two 
fundamental fluxes is usually less than the 
larger one and often less than either one but 
the harmonics, with few exceptions, are 
neither of the same velocity nor space order 
and, therefore, do not add or subtract from 
each other. It follows that the resultant 
flux wave has more harmonics of much 
greater per-unit amplitude than does either 
the stator or rotor flux wave alone. It isthe 
interaction of two large harmonic flux waves 
of slightly different space order and travel- 
ing at high frequency with respect to each 
other that causes high-frequency magnetic- 
force waves of long space pitch which are ef- 
fective in producing noise. 

The theory has been used for some time in 
noise investigations and has been found to 
bear out test results on a large number of 
motors. It is hoped that its presentation 
will not only prove useful to others but will 
encourage further contributions to the 
understanding of noise. 


HE present-day problems which con- 

front the designers of electric motors 
have been to a considerable extent com- 
plicated by the necessity for producing 
motors of greater and greater quictness. 
Since the pressure of economics precludes 
the possibility of obtaining quietness by 
the introduction of massive structures, 
ways must be found to obtain desired 
levels of quietness with the same or 
lighter structures than those previously 
used. 


Paper 40-13, recommended by the AIEE committee 
on electrical machinery, and presented at the AIEE 
winter convention, New York, N. Y., January 22— 
26,1940. Manuscript submitted October 14, 1938; 
made available for preprinting December 21, 1939; 
released for final publication March 8, 1940. 
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There have been a number of papers on 
noise of electrical machinery which have 
undertaken to deal with the problem of 
producing quiet motors from a scientific 
designer point of view. Many of these 
papers have been unsatisfactory to those 
engineers who desire always to have a 
sound and rigorous theory against which 
to check data, form conclusions, and make 
predictions. Much of the work which 
has been presented on noise has been of an 
experimental nature and has been pre- 
sented at least semiempirically. Other 
work has been presented which, ex- 
perience indicates, appears to be based 
upon unnecessarily complicated concep- 
tions. 

It appears that a sound theory having 
a simple philosophy and starting from a 
few simple fundamental assumptions 
would at this time contribute greatly 
toward progress in the art of noise reduc- 
tion. It is the purpose of this paper to 
present such a theory and to suggest 
how it may be used. 


Generation of Air-Borne 
Noise By a Motor 


It can be shown that the air-borne 
noise arising from an electric motor has 
as its principal source the vibration of 
the stator frame and yoke structure. 
The natural and correct assumption is 
that the magnetic forces set up in the air 
gap of the motor cause the frame struc- 
ture to be distorted periodically with 
time and that the external surface of the 
frame in turn beats the air causing air- 
borne noise. 

From the above conception of the 
mechanism of noise production it follows 
that a complete exposition of motor noise 
phenomena would include not only a 
method for determining the character, 
magnitude, and frequency of the disturb- 
ing forces set up in the air gap but also 
a means for determining the response of 
the stator structure to the disturbing 
forces. 

Unfortunately, experience with tests 
on many motors indicates that there is 
sufficient variation in the response char- 
acteristics of apparently identical stator 
structures (assembled in complete motor) 
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Chart I. List of Largest Noise Force Waves 
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to leave little hope that in the near future 
a reasonably exact expression for stator 
response can be presented. Calculations 
of stator response do have their place in 
a noise investigation but the results 
obtained thus far have been more qualita- 
tive than quantitative. 

Because of the, as yet, unsatisfying 
results which have come from efforts to 
predetermine frame response characteris- 
tics no effort is being made in this paper 
to discuss this point. It is felt better to 
confine our attention to the subject of 
the magnetic forces causing noise and 
leave for the future the subject of the 
accurate calculation of the stator re- 
sponse. By presenting now that which 
is known for certain, effort on the part 
of others may be stimulated which will 
result in further advances in the art. 

The theory will be based upon the as- 
sumption of an air gap having uniform 
length, constant permeance, and windings 
which are distributed in the usual way in 
finite numbers of slots. Such assump- 
tions can be well justified in small elec- 
trical machinery where substantially 
closed slots are employed and where the 
problem of noise reaches its most acute 
form. In larger motors having open 
slots it is felt that many of the conclusions 
obtained by this theory will still be 
valuable because accompanying the use 
of open slots is the use of greatly increased 
air gaps which to a considerable extent 
minimize such phenomena as may arise 
from effects due exclusively to permeance 
variations. Another reason why the 
conclusions arrived at from this magneto- 
motive-force constant-permeance theory 
may be useful where the permeance is 
not really constant lies in the fact that 
analysis has shown that most of the 
phenomena arising from tooth and slot 
permeance variations are identical in 
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every way with associated phenomena 
arising from harmonics of magneto- 
motive-force caused by windings placed 
in the same slot structure. 


Development of Theory 


It is well known that, in addition to 
the fundamental air-gap fluxes produced 
by the currents in the rotor and stator 
windings, harmonic fluxes are also pro- 
duced. With symmetrical windings har- 
monic fluxes, with certain exceptions, may 
exist having a number of poles corre- 
sponding to any odd multiple of the 
fundamental number of poles. ‘‘Good”’ 
winding distributions generally limit the 
magnitude of harmonics of low order but 
with a given number of uniformly spaced 
slots nothing can be done about the 
magnitudes of the tooth harmonics be- 
cause the ‘distribution factor’ for the 
tooth harmonics is identical with that for 
the fundamental flux. With any given 
slot combination and fundamental num- 
ber of poles the magnitudes and orders 
of the tooth harmonics are definitely de- 
termined in relation to the fundamental 
flux. There always exist an infinite 
series of tooth harmonics having magni- 
tudes and orders as shown below. 


Order of _ harmonic poles =2Kn+1 (1) 
harmonic fundamental poles 
Amplitude of harmonic wave = Aina (2) 


In the above equations 


P,=fundamental number of poles 
A,=amplitude of fundamental flux wave 
n=number of teeth per pole 
K=any integer 


It will be noticed that the tooth 
harmonics go in pairs and that if there are 
nine teeth per pole in a 4-pole motor the 
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largest pair of tooth harmonics are the 
17th and 19th harmonics. These har- 
monics will have respectively 17 and 19 
times as many poles as the fundamental 
flux and their amplitudes will be '/,, and 
1/\) that of the fundamental. The next 
largest harmonics will be the 35th and 
37th and after these the 53d and 55th, 
ete, 

There may be times when the second or 
third largest tooth harmonics will be im- 
portant in producing noise but for the 
present only the largest tooth harmonics 
will be considered. The method outlined 
can be employed for any number of har- 
monics, 

For the sake of clarity and to give a 
mental picture of the relative magnitudes 
involved, figure 1 has been prepared 
showing (dotted) the stair-step wave of 
flux produced by a four-pole winding in a 
36-slot stator. Superposed is shown 
(solid) the fundamental component and 
the first pair of tooth harmonics corre- 
sponding to the stair-step wave. Both the 
harmonics as well as the fundamental 
wave of flux should be visualized as 
pulsating with time and, if it be assumed 
that figure 1 was drawn when the waves 
were maximum, the effect of the pulsation 
is exactly duplicated by dividing each pul- 
sating wave into two oppositely gliding 
components each having half the ampli- 
tude shown. 

If the forward and backward compo- 
nents be used there are now six stator flux 
waves to be considered. If the subscript 
“1” be always associated with the stator 
and the subscripts ‘‘V”’ and “‘M”’ are each 
associated with a member of and represent 
the order of the first pair of tooth har- 
monics, the forward and backward com- 
ponents of each wave may be expressed 
as shown below. 


(3) 


W, ms A Ms cos 


Wimvo=Anmo cos] Me™ +t 


The forward component of fundamental 
stator flux acts on the rotor winding to 
produce a forward wave of rotor currents 
which in turn produces a forward wave of 
rotor fundamental flux moving at slip 
frequency with respect to the rotor. As- 
sociated with this forward fundamental 
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Fundamental and first tooth har- 
monics 


Figure 1. 


flux is an infinite series of rotor tooth 
harmonic fluxes. Unlike the stator 
fluxes, the rotor fluxes, arising as they do 
from the action of a gliding wave of stator 
flux having constant magnitude, are not 
pulsating. They glide forward and back- 
ward on the rotor (forward with respect 
to the stator) with constant magnitude 
and at slip frequency with respect to the 
rotor. 

The rotor tooth harmonics have poles 
and amplitudes as shown below: 


Order of rotor _ harmonic poles _ 


harmonic ~ fundamental poles 


aL (4) 


Amplitude of rotor harmonics = 

poe Ao Ts 

2K B 41 (5) 
Ie 


Ags 


In the above equations: 


P,=fundamental number of poles 
As=amplitude of forward fundamental 
rotor wave 
B=total number of rotor bars 
K=any integer 


When K=0 in equation 4, the first 
harmonic (the fundamental flux) is ob- 
tained and the positive sign indicates 
that the direction of motion of the funda- 
mental flux wave with respect to the rotor 
is considered positive. A negative sign 
such as always occurs with the lesser- 
poled harmonic of each pair of tooth har- 
monics indicates that that harmonic is 
moving around the rotor in a direction op- 
posite the motion of the fundamental flux. 


fundamental rotor flux gliding backward 
on the rotor at a frequency (2—s) times 
the stator frequency. Corresponding 
tooth harmonics are also produced. 

Tf only the fundamental and first pair 
of tooth harmonics be considered at this 
time there are in all six rotor fluxes. 
Neglecting the difference in time phase 
between stator and rotor currents, these 
six fluxes may be expressed with respect 
to the rotor as shown. 


Wry =Axy cos [Zt 
Woy =Ary cos | X2- “+0(2—3) 


- r (6) 
Wired ry COS Tait —ast 


Me r= A Rf cos] Ret -bast 


Worn =A py Cos Rex —o(2 -¢| 
Tv 
Wory =A rp cos | ad -s¢] 


With respect to the stator the rotor 
waves of (6) can be written: 


Wor=Agy cos E ; -ut | 


; 


T 
Worr=A ry COS es 
w[R(1—s) -s| 
v 
Wore=A ry cos Es 
w[T(1—s) +1] 
wv 
Wary =A pry COS | Ree 
w(RO=9)42—s1} 
Tv 
Worry =A pp cos E a 
ofa) 2451 | 
The flux at every point in the air gap of 
the motor and at every instant of time is 


exactly representable as the sum of the 
fundamental fluxes and all the harmonic 


fluxes. Using those which have been 
considered we may write: 


Bs= 
| Wit Wiot Winet Winot Wi mst ] 
Wi, mot Woyt+ Woot Worg+ Worot 
WorgtWoery (8) 


The radial force density at any point 
in the gap due to B; is, according to 
Maxwell: 


i 1 
— = —_—__——__ B;;? pounds per square inch 
A 72,130,000 ° © Ups 


(9) 


For purposes of noise study it is desir- 
able to work with the components of the 
force density, which components are 
obtainable by the expansion of the square 
of the right member of (8). The ex- 
pansion consists of the square of each 
term in (8) plus twice the product of each 
term with each other term. A complete 
expansion of even so few as the 12 terms 
chosen leads to 78 terms which are rather 
clumsy to handle by conventional means. 
In the appendix is given a simple short- 
hand means for performing the expansion 
and there has been prepared a multiplica- 
tion table showing results for the case of 
a four-pole 36-48 combination motor. 

At this time it is of interest to perform 
one of the multiplications in order to 
discuss the results obtained. In the case 
of the NV forward stator tooth harmonic 
and the R forward rotor harmonic the 
product is: 


Lf 
AF ny) (Rp) =AvyyA Rf cos | wear x 


0s | Re =o RO—5) ~<a (10) 


AF yy) (rp) = AwnyA np X 


' cos] (R=W)x"—wiRO 3) -1~sh | + 


6s | Reape aire —s)+1 -s1| \ 
(11) 


It will be seen from (11) that the prod- 
uct of the two flux waves is representable 
as two force waves, the upper wave 
having a long wave length and the lower 
one having a very short wave length. 


Throughout this discussion R indicates Chart Il. No-Load Noise Forces for Four-Pole 36-48 Motor 
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Magnetic Force Waves for 36-48 Combination 
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In general, very short force waves will 
not be important because the stator will 
be very stiff to short-wave distortion. 
Long waves of force, however, will cause 
a relatively large response and therefore 
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Figure 2. Equivalent circuit for a sing!e-phase 
motor 


will be important in producing noise. 
The pitch of the long force wave is: 


x 
aes 12) 
ONAN = RW | ( 
The frequency of this wave is: 
fon an =f[RU—s)-1—s] (13) 


and this frequency is, of course, the 
frequency at which the air-borne noise 
will be emitted. 
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A study of the various products in- 
volved shows that those products most 
likely to be responsible for noise are the 
ones of long pitch produced by the multi- 
plication of a stator harmonic with a rotor 
harmonic. There are 16 such products 
and they will be listed here for future 
reference (chart I). In appendix I a 
complete listing of the product terms is 
given but the simplifying assumption 
has been made that s=0. It may at 
times be desirable to have available the 
expression for noise frequency when s#0. 

It will be noted that the frequency 
does not change when the JN, stator 
harmonic is substituted for the M, but 
the force wave length does. 


Sample Force-Wave Calculation 


A specific calculation will now be in- 
troduced to show how the force waves 
may be calculated for a particular motor. 


ASSUMPTIONS 
Gap diameter =3.5 inches 
Stacking length =2 inches 
Stator slots =36 
Rotor slots =48 
Fundamental poles =4 
Maximum fundamen- 
tal density =30,000 lines per 


square inch 
Maximum load current =2 (no load current) 


The order of the largest stator tooth 
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Noise spectrum taken on a four-pole (36-48) motor 
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Figure 4 


Top—Calculated noise-force spectrum on a four-pole (36-48) motor 
Bottom—Noise spectrum taken on a four-pole (36-48) motor 


harmonics may be calculated by means of 
equation 1. 
} (14) 


The order of the largest rotor tooth 
harmonics may be calculated by means of 


(4). 
} (15) 


R=23 
T=25 

At no load the forward field rotor cur- 
rents are negligible (see figure 2) and the 
forward-field rotor tooth harmonics listed 
on chart I will be ineffective in producing 
noise. In the backward field, while the 
rotor and stator fundamental fluxes neu- 
tralize each other, as shown by the low 
voltage which exists across the backward 
field at no load, it will be assumed that 
because of poor distribution factor and 
spiral the harmonics exist practically 
undiminished.* On the basis of this 
assumption the stator harmonic fluxes and 
the backward-field rotor harmonic fluxes 
are subject to the same ampere turns as 
is the fundamental flux; consequently 
they will exist in their normal magnitudes 
(A,/h) where h is the order of the har- 


N=17 
M=19 


* Note: If desired the rotor secondary character- 
istics to each stator harmonic can be carefully calcu- 
lated and an exact determination of the diminution 
of the stator harmonic fluxes determined. The 
stator winding will have almost no diminishing 
effect on rotor harmonics. 
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monic and A, the amplitude of the funda- 
mental. [See (2) and (5).] 

It follows that the amplitudes of the 
harmonics in lines per square inch are: 


Ajry = 1,765 A joy = 1,580 
Ags — 1,580 Asp = 1,805 
Ay =1,765 A) 3) =1,200 


(16) 


By the use of chart I and equation 9 it 
is now possible to list maximum force 
densities, frequencies, and wave lengths 
(chart II). 

Chart II indicates that all the impor- 
tant magnetic-force waves should be small 
and that the principal no-load noise fre- 
quencies should be those of 1,320, 1,440, 
and 1,560 cycles. Figure 3 shows the 
results obtained by means of a noise 
analyzer using a four-pole 36-48 combina- 
tion motor. Another spectrum, figure 4, 
shows that under certain conditions higher 
tooth harmonics may be effective. 

With only three high-frequency waves 
of appreciable size present it might be 
expected that an oscillograph would trace 
a relatively simple pattern. Figure 5 
shows two oscillographs which bear out 
the idea of pattern simplicity. These 
were taken using a velocity pickup and a 
high amplification to the oscillograph. 

Figure 6 gives noise spectrums taken on 
four-pole motors of other slot combina- 


Chart IV 


METHOD OF CHARTING 

a =|At+ B| , 

=NUMBER OF FORCE POLES PER FUNDAMENTAL POLE 
c=fatf, 

= FREQUENCY OF “a” IN PER UNIT OF FUNDAMENTAL 
b=|A-B| 

=NUMBER OF FORCE POLES PER FUNDAMENTAL POLE 
d=fy-fg 

=FREQUENCY OF"b” IN PER UNIT OF FUNDAMENTAL 


EXPLANATION OF CHART 


+] 
my eas 
2] 


SECOND SPACE -FORCE HAR- a 4 UNIFORM FORCE IN SPACE. 

MONIC MOVING FORWARD AT CONSTANT MAGNITUDE 
FUNDAMENTAL SPEED 

(TWICE FUNDAMENTAL FREQUENCY) 


“Fl 
FORCE HAVING TWICE THE at { _ uNiFoRM FORCE IN SPACE 
FUNDAMENTAL NUMBER OF PULSATING IN TIME AT 


POLES CONSTANT IN MAGNITUDE TWICE FUNDAMENTAL 


tions. These may be compared with 
chart VII. 

The force waves under load will be 
larger since, as indicated under ‘‘assump- 
tions’, the maximum load current is 
twice the no-load current, all the stator 
harmonics and backward rotor har- 
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monics will be twice as large. The for- 
ward rotor harmonics which do not exist 
at no load become almost as large as the 
others and not only are the magnitudes 
of the noise forces increased but the char- 


Chart V. Graphical Explanation of Chart 
Two-Pole Motor Assumed 


NO FREQUENCY 


TWICE 
FUNDAMENTAL FREQUENCY 
(ARROWS INDICATE MAGNITUDE AND DIRECTION 

OF INSTANTANEOUS FORCE WAVE) 


connecting amplitude with pitch so that if 
the pitch is known the amplitude is known. 
In such event only the pitch need be defined. 
If frequency be given a sign the symbol for 
frequency may be used to express both fre- 
quency and direction. A 

If we make these simplifications in our 
present case we may express any. traveling 
wave by two numbers.* It is convenient to 
make these numbers ‘“‘per unit” numbers as 


Chart VI. High-Frequency Noise Terms, 36- 


48 Slot Combination 
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Chart VII. Analysis of Major High-Frequency Force Waves With a 32- and a 36-Slot Stator 
Stator Rotor Magnetic-Force Poles Noise Frequency 
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acter of it is changed. (See the dis- 
cussion of no-load versus load noise in 
appendix I.) 
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In the calculation of magnetic force waves 
in the course of actual design work it is de- 
sirable to have a systematic method of work. 
This section of this paper describes such a 
method. 

If time-phase relations are not important 
the equation for a magnetic flux wave as 


given in equations 3 and 7 expresses for us 
the following: 


Amplitude 
Order (pitch, distribution) 


Frequency 
Direction 


; If we deal with tooth harmonics the rela- 
tion expressed in (2) and (5) is valuable in 
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shown below. (By “per unit” is meant the 
expression of order and frequency as a ratio 
to the fundamental of each.) 


is © 
5) COs oe 


Ve (17) 


If the upper number in the box be the 
order of the flux harmonic (the number of 
poles of the wave per fundamental pole) and 
the lower number the ratio of the harmonic 
frequency to the fundamental frequency, 
the wave W, is seen to have 18 times the 
fundamental number of poles and to be mov- 
ing backward (because of the minus sign) at 
twice fundamental frequency. 

The conventional expression for the wave 
is also given in (17) and it can be seen that 
the numerical coefficients of the conven- 
tional expression are used in the new nomen- 


*NoTE: It is obvious that, if desired, a four-num- 
ber system could be similarly set up representing 
phase relation, order, magnitude, and frequency- 


direction. For our present purpose the simplifica- 
tion is desirable. 
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Figure 5. Cathode-ray oscillograms of stator- 
yoke vibration, 36-48 combination 


clature except that the sign of the frequency 
term is reversed. 

If it is desired to multiply two waves using 
the convention it is merely necessary to add 


Chart VIII. 


STATOR SLoTs | Rotor stots | SUBHARMONIC POLES 


SUBHARMONIC FREQ. 


he 
s | -15.5 | 


the upper figure positive) to obtain d. The 
two waves are written together as at e. 

If the two waves W, and W) are flux waves 
their product according to previous discus- 
sion is a pair of moving waves of force tend- 
ing to bend the stator yoke into as many 
nodes as there are waves of force. 

The present resultant force waves are seen 
to have 32 poles and 4 poles and to be mov- 
ing respectively at twice fundamental fre- 
quency forward and at six times fundamen- 
tal frequency backward. It will be noted 
that the numerical coefficient !/, is dropped 
for simplicity in view of its existence in all 
similar product terms. A further simplifica- 
tion will be made for our present purpose in 
that after multiplication the sign will be 
dropped from the frequency terms since di- 
rection of rotation has no effect upon air- 
borne noise in which we are primarily inter- 
ested. 

It was shown previously that a complete 
expression for the force waves of a motor 
would multiply each term of both the stator 


Rotor Subharmonics 


Figure 6 


Top—Noise  spec- 
trum taken on a four- 
pole (36-44) motor 


Bottom —Noise 
spectrum taken on a 
four-pole (32-40) 


motor 
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and substract numbers of the same signifi- 


cance. For example: 
14 Fr 
=|—|= -— 18 
Ws FF cos | 147 sat (18) 
Tv 
=— COS E 220 +| 
Wx W,= i = (19) 
= cos [x7 +66] | 
| : 
14 18 BY: 4|_ |32| 4 
Be 2 += =|21=6| ou 
b a Cc d e 


In equation 20 a horizontal addition is 
made to obtaincfromaandb. A horizontal 
subtraction is made (in the direction to make 
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and rotor Fourier series flux expression by it- 
self and by each other term to form a second- 
order series of force waves. A multiplica- 
tion form has been prepared and the opera- 
tions performed for a 36-48-slot four-pole 
combination assuming no-load operation 
(chart III). 

Inspection of the chart will show that 
when stator waves act together only “‘0” and 
“9” frequencies (0 and 120 cycles) exist. It 
is also apparent that when rotor waves act 
together high-frequency terms are produced 
(about 3,000 cycles) but the pitches of the 
waves are so short that it is extremely doubt- 
ful whether the resultant stator distortion 
could be detected. 

All of the waves found in “EZ” and “F” 
will be found in “A’’ and “B”’ respectively 
and ‘‘D” will be found to be a replica of 
“B”, Attention may therefore be concen- 
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1440 


2000 


1080 1320 


2000 


trated upon section “B” of the chart when 
high-pitch noise is of interest. 

If waves of extremely short pitch be dis- 
carded as being relatively ineffective we find 
ourselves with the same waves given in chart 
VI. 

It is of interest to note that the four terms 
laterally adjacent to “b” and ‘“d” result 
from forward-field rotor current and are, 
therefore, absent at no load and large under 
load. Terms adjacent to “a” and “c,” 
however, are the result of backward-field 
rotor current and are large at no load as well 
as under load. The results of the analysis 
are statistically tabulated below in relation 
to the number of poles of force and the fre- 
quencies produced. 


<= 


16 Poles 24 Poles 32 Poles 
No-load noise forces (cycles) 
LAO, 6 iiiicvia sas O20 shurcs asain 1,320 
LDOD satsisusevere ote DON, eravayiteunre ats 1,440 
1,440 
1,560 
Additional-load noise forces (cycles) 
LSZOR ove coke EPA Bo bon of. 1,440 
AAO aisle dos ener. AAO Wed Medatele 1,560 
1,440 
1,560 


If motor noise is measured at no load it 
would be expected that the 1,440-cycle and 


o/3-6 


| 


TOTAL 
NOISE 


| 


TOTAL 
NOISE 


3000 4000 5000 


3000 4000 5000 


1,560-cycle noises would predominate since 
the stator is much stiffer to 24-node and 32- 
node bending than to 16-node bending. 
Under load the 1,320-cycle noise should be- 
come pronounced, though, due to slip, it will 
be somewhat displaced in frequency. 

All no-load noises should be reduced prac- 
tically to zero by polyphase operation or the 
use of a proper capacitor. The introduction 
of a balancing capacitor (effective only under 
load) should be accompanied not only by a 
reduction in noise level but by the elimina- 
tion of the highest of the three tooth fre- 
quencies, causing a change of about 120 
cycles in the mean pitch of the high-fre- 
quency noise. Two-phase operation should 
show this clearly. 

Chart VII has been prepared giving prin- 
cipal magnetic-force waves for all the pos- 
sible slot combinations for a satisfactory re- 
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frigeration-machine motor assuming both 
32- and 36-slot stators. 

It is of special interest to notice that 
whenever force waves of zero poles occur 
there exist “geared” waves of the same num- 
ber of poles on the rotor and stator. The 
existence of such waves is accompanied by 
standstill locking and high-speed rotating 
subharmonic waves of fundamental distribu- 
tion and high-frequency tooth-harmonic in- 
terference. (Discussed briefly later.) 

A two-pole magnetic force tries to displace 
the entire rotor thus producing shaft vibra- 
tion, a four-pole force tries to distort the sta- 
tor yoke into the form of an ellipse, etc. It 
is to be assumed that, other things being 
equal, a magnetic force of many poles is to 
be preferred to one of few poles; because of 
the greater effective yoke stiffness when the 
wave length is short. Any force wave hay- 
ing less than eight poles is likely to be bad 
for noise. 


Conclusions 


It must be concluded that when a 32-slot 
stator is used the rotor is limited to 36 slots 
or 40 slotsor more. If 36 slots are used it is 
questionable whether the locking and high- 
frequency interference (torque) noises can 
be kept from becoming a nuisance; spiral 
might control them. Above 40 slots there 
seems little reason to confine the slot com- 
bination to even slots if advantage is to be 
obtained by going to an odd number. 

With a 36-slot stator the rotor possibilities 
are 28, 32, 40, 44, and higher. The remarks 
concerning the 36-slot rotor with a 32-slot 
stator apply to the 32- and 40-slot rotors 
with a 36-slot stator. Any rotor above 44 
slots should be satisfactory except when the 
higher frequency of the produced noise is ob- 
jectionable. 


Appendix II. Subharmonic 
Waves 


When the number of squirrel-cage bars is 
small with respect to the pitch of the exciting 
wave of flux it is possible for a squirrel cage 
to produce a flux wave having fewer poles 
than the exciting flux wave. In certain 
cases the always large stator-tooth harmon- 
ics may react upon the rotor to produce a 
wave of flux of fundamental distribution but 
rotating at such speeds as 70,000 to 80,000 
rpm in a four-pole motor operating at nor- 
mal 1,725 rpm speed. Such subharmonic 
waves become very important in the noise of 
a motor and must be taken into account. 
The procedure after determining the flux 
waves present is exactly as already described 
except that the subharmonic waves are in- 
cluded in the calculation along with the 
fundamental and tooth-harmonic waves. 
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Determination of Subharmonic Waves 


Subharmonic waves may be determined as 
Chapman outlined in his book on induction 
motors by use of the equations: 


1S) = + h=order and direction of sub- 
1 
harmonic (direction referred to di- 
rection of h with respect to rotor) (21) 
2BK 
fes=+1- =stator referred frequency 


1 
in per-unit of fundamental frequency 
(single-phase stator) (22) 


In the above equations: 


B=total number of rotor bars 
K =any positive or negative integer (K = —1 
usually most important) 
P,;=number of fundamental poles 
h=order of a stator harmonic (use plus sign 
always) 


The magnitude of a subharmonic depends 
upon the rotor impedance as well as the link- 
age of the rotor and the stator in so far as 
the generating stator harmonic is concerned. 
If the stator harmonic is of short pitch, as 
are most tooth harmonics, a slight amount 
of spiral greatly reduces the mutual and 
reduces the subharmonic. Even without 
spiral the amplitude will usually be found 
to be less than A;(1/h)?. Since the calcula- 
tion of subharmonic magnitudes is somewhat 
involved it is felt that an outline of the 
method is not warranted here. The intent 
of these remarks is merely to call attention 
to the effect of subharmonics. 

If the stator winding is ‘“‘good’’ and the 
number of rotor slots is greater than the 
number of stator slots by 2P, subharmonics 
may usually be neglected. If the number of 
rotor slots is less than this subharmonics 
should be studied. 

Chart VIII lists subharmonics for 32- and 
86-slot four-pole stators when various rotors 
are used. 

A plus sign in (21) indicates a subhar- 
monic wave moving in the same direction 
as the stator harmonic, fh, with respect to 
the rotor. Since at normal forward operat- 
ing speeds the rotor is always moving for- 
ward with respect to any stator harmonic, 
the movement of the stator harmonic with 
respect to the rotor is backward. Under 
these conditions, if the sign of (21) is nega- 
tive, it means that the subharmonic is 
moving in the opposite or forward direction 
with respect to the rotor and, of course, 
forward also with respect to the stator. 
Since a plus sign for a frequency number 
in chart VIII indicates a wave moving 
forward with respect to the stator, chart 
VIII would therefore have a positive fre- 
quency number when (21) is negative. 
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Nomenclature 


A,=amplitude of fundamental stator flux 
wave 
A,,=amplitude of fundamental rotor for- 
ward wave 
Ayr =amplitude of the NV forward tooth har- 
monic 
B=total number of rotor bars 
B;=total density in the air gap at the 
point x 
f=frequency of primary excitation 
K =any integer 
n=numwber of stator slots per pole 
N=largest stator-tooth harmonic 
M=second largest stator-tooth harmonic 
P,=fundamental number of poles 
R=largest (least poled) rotor-tooth har- 
monic 
s=per unit slip 
T =second largest rotor-tooth harmonic 
x= distance in inches measured peripher- 
ally around the air-gap surface 
AF=force density (pounds per square inch) 
}=fundamental pole pitch (inches) 
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Current Transformers and Relays for High- 


Speed Differential Protection, With 
Particular Reference to Offset 


Transient Currents 
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Synopsis: Up to the present time, the only 
data generally available to protection engi- 
neers for determining the performance of 
current transformers have been the ratio 
and phase-angle curves of the current trans- 
formers in question. More detailed analy- 
sis of important high-speed differential pro- 
tection problems has shown that these data 
are hopelessly inadequate for the purpose of 
determining the performance of current 
transformers during the starting period when 
the current wave may be fully offset. If 
the time constant for decay of the d-c com- 
ponent exceeds 0.05 second, large errors of 
transformation may be expected if standard 
current transformers are used. While it is 
possible to make special designs that will 
not saturate because of the d-c component 
in the current,! such designs are usually 
considerably oversize and expensive. Fur- 
thermore, space requirements and economy 
sometimes dictate that current transformers 
already installed be used if at all possible, 
even though it is known that their perform- 
ance will be far from perfect. The problem 
then becomes one of determining the actual 
performance of existing current transform- 
ers, so that a suitable relay scheme may be 
chosen. It is the purpose of this paper to 
discuss the solution of this problem, and to 
present approximate methods of calculation 
not hitherto available. Attention is also 
given to the proper interpretation of the 
calculations with respect to relay opera- 
tions, together with supporting test results. 


HE PROBLEM of differential pro- 
tection of generating-station busses 
is one which almost invariably requires 
calculation of current-transformer per- 
formance for asymmetrical currents, be- 
cause of the long time constant of the 
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generators. Figure 1 shows schematically 
a six-circuit bus protected by a simple 
overcurrent relay. The principle of dif- 
ferential protection indicates that, for an 
external fault at X, the current, 7 
through the relay should be zero. This 
is based upon the assumption that all the 
current transformers involved will per- 
form perfectly. Inequalities are apparent 
at once, however, since it is seen that the 
transformer in circuit Fs carries the total 
fault current, whereas the others each 
carry only a fraction of the total. The 
d-c component in the primary current, 
particularly troublesome when large gen- 
erators are near the fault, aggravates the 
inequalities much more severely than is 
immediately obvious. For example, 
when conditions are severe, instantaneous 
peak values of 1 may be of the order of 
100 amperes when the symmetrical com- 
ponent of the total fault current is 100 
amperes rms in terms of the secondary 
circuit. 

The false differential current, 7, which 
may exist when an external fault occurs 
at point X, is equal to the difference be- 
tween the sum of the magnetizing cur- 
rents of all the current transformers carry- 
ing current into the bus, and the magne- 
tizing current of the current transformer 
carrying the total fault current away from 
the bus. (This can be derived from figure 
1 by expressing each of the secondary cur- 
rents in terms of their respective primary 
currents less the magnetizing currents of 
their respective current transformers, and 
solving for 7, remembering that the sum 
of the currents entering the bus is zero for 
an external fault.) This forms the expla- 
nation for the inadequacy of ratio curves 
for this type of problem. It diverts the 
interest of the protection engineer at once 
from the question, ‘“What will the sec- 
ondary current be?” to the question, 
‘What will the magnetizing current be?”’ 

The authors have found that many pro- 
tection engineers tend to underestimate 
the relative saturating quality of the d-c 
component of the asymmetrical current. 
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Some have felt that, given a definite maxi- 
mum instantaneous peak value for an 
asymmetrical current, it was only neces- 
sary to provide a current transformer 
whose performance would be satisfactory 
on symmetrical currents having the same 
peak values. This is definitely not true. 
For these reasons, the authors believe that 
the discussion immediately following is in 
order prior to the detailed mathematical 
treatment. This discussion is intended to 
convey a conception of the mechanics of 
d-c saturation in a form kept as graphical 
as possible. 


The Mechanics of Saturation 


A convenient way to analyze the per- 
formance of the current transformer of 
figure 2A is by means of the equivalent 
diagram as shown in figure 2B. With a 
given value of primary current, 7, the 
values of primary-winding resistance and 
leakage reactance are of no consequence, 
hence these values are not indicated in the 
final diagram for analysis (figure 3). Also, 
for convenience, the secondary-winding 
resistance and leakage reactance are 
lumped with the burden and shown as R, 
and Ly. The mutual inductance between 
primary and secondary windings is shown 


one-s 


OVERCURRENT 
RELAY 
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Figure 1. Simple overcurrent differential 
protection of a six-circuit bus 
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Diagram of current transformer and 
its equivalent circuit 


Figure 2. 


by Ly, through which flows the magnetiz- 
ing current, as indicated by 4. It is pos- 
sible to provide for the core loss current 
by including a suitable resistance in this 
branch, but this refinement is not neces- 
sary to provide sufficient accuracy for the 
problem at hand. This diagram is usable 
on the basis that the currents are ex- 
pressed in terms of per cent of full-load 


current. Further, the diagram is usable 
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in that, electrically, it satisfies the require- 
ment that the primary current minus the 
magnetizing current must equal the sec- 
ondary current. The physical significance 
of the current, 4, flowing through the 
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Figure 3. Simplified diagram of current 
transformer 
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Figure 4. Leakage flux in different types of 
current transformers 


mutual inductance, Li, of figure 3, is that 
it represents in the equivalent diagram 
the vector difference between the primary 
and secondary currents in the actual 
transformer. 

Inspection of figure 3 will show that the 
mutual impedance, L;, must be kept high 
with respect to the burden impedance, if 
good current-transformer performance is 
to be expected. If the symmetrical cur- 
rent only is considered, standard current 
transformers are usually adequate. Ac- 
tual asymmetry of the fault current re- 
quires consideration of a new and very 
important factor. The d-c component of 
the primary current must also divide be- 
tween the parallel branches of figure 3. 
Since, to all practical purposes, there is 
very little impedance to direct current in 
the magnetizing branch, Ly, of the parallel 
circuit, the flow of direct current in this 
branch is retarded only by the inductive 
voltage generated by the time rate of 
change of the direct current, as it builds 
up in this circuit. The voltage which 
must be generated is determined by the 
voltage drop across the burden, Rand Ly, 
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caused by the d-c component flowing 
through it. If the d-c time constant is 
long, this direct voltage must be main- 
tained for a relatively long time, and it 
can only be done by a continuously in- 
creasing current through L) at a relatively 
high time rate of change. This must be 
done in one direction only, without the ad- 
vantage of positive and negative half- 
cycles characteristic of alternating cur- 
rent. This means that the knee of the 
saturation curve for the inductance, Ly, 
may be reached within a few cycles, or 
within a fraction of a cycle in severe cases. 
When the iron core saturates, the effective 
value of the inductance, Li, decreases to a 
fraction of the normal value. When this 
occurs, the ability of the mutual in- 
ductance to retard the flow of direct 
current through it collapses, so that prac- 
tically all of the d-c component goes 
through Z;. This condition will continue 
until the d-c component has subsided, 
after which the transformer can again 
perform with its normal a-c characteris- 
tics. It is of interest and importance to 
note that during the time that the magne- 
tizing branch, Z;, remains severely satu- 
rated by direct current, it also offers much 
less impedance to the flow of alternating 
current; consequently, it is to be ex- 
pected that the percentage of the a-c com- 
ponent which is transmitted to the sec- 
ondary will be materially less. These 
conclusions are borne out by oscillo- 
graphic records which show that, when a 
current transformer is failing to reproduce 
faithfully the d-c component in the sec- 
ondary, it is also breaking down in a-c 
ratio, even though its performance may 
be quite accurate on the same value of 
symmetrical current. 


Derivation of Formulas 


Mathematical analysis of the current- 
transformer performance is based on the 
same equivalent circuit, shown in figure 3, 
and in fact, has already been worked out 
by Marshall and Langguth.! Their paper 
gives rules for keeping the flux density be- 
low the saturation value and for calculat- 
ing performance, provided the trans- 
former does not saturate, but, of course, 
cannot be used to indicate performance in 
cases where there simply is not room for 
the resulting design, or where existing 
transformers must somehow be used. 
The following analysis will be devoted to 
methods for calculating the performance, 
after saturation is reached. Important 
savings in space, as well as in weight and 
expense, may result if the analysis shows 
that current transformers which are far 
from perfect may still be adequate. 
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GENERAL CONSIDERATIONS 


Returning to figure 2B, it must be 
recognized that although the sum of the 
leakage reactances, Xp and X,, may be 
nearly constant and represent definite flux 
linkages, the effective division between 
X, and X, is different for every load con- 
dition, and they are individually practt- 
cally impossible to determine. 

Most problems deal with the “through” 
or “bar” type of current transformer, 
which can be so designed that the leakage 
flux which enters the core is negligible, 
and the following theory has, therefore, 
been worked out on the basis that the sec- 
ondary leakage reactance is zero. The 
theory cannot be indiscriminately applied 
to wound-type transformers nor to 
through-type transformers with coils only 
on two legs of the core (see figure 4) with- 
out preliminary investigation of the rela- 
tive amount of leakage flux. 

The theory described assumes that the 
reactance of the burden is also zero. The 
justification for this is difficult to establish 
rigorously, but it can be readily estimated 
that once the d-c component of current is 
established (as it is during the first half- 
cycle) the inductance in the burden will 
present no obstacle to maintaining it, 
while the resistance in the burden acts 
against the direct current with a more or 
less continuous counter (JR) voltage. The 
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Figure 5. Approximations of the saturation 


curve 


The true saturation curve may be approached 
as closely as may be desired 
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theory has been worked out and calcula- 
tions made with inductance in the burden, 
_ and it has been found that it makes very 
little practical difference in the result if 
the inductance is neglected, at least for 
burden power factors of 80 per cent or 
more. Tests confirm this. 

The value of the assumption that L,=0 

is that the numerical work of calculation 
is approximately halved. After an ex- 
ample has been worked out, the impor- 
tance of this becomes obvious. In the 
short-cut method to be described later, 
the secondary inductance may be in- 
cluded, but it can be shown that it can be 
neglected with negligible error. 
_ The final assumption is that the equiva- 
lent resistance of the magnetizing branch 
of the network is zero. Correctness of this 
assumption is more difficult to prove, but 
actual results indicate that it is always 
practically true. 


FUNDAMENTAL EQUATIONS 


The equivalent network to be analyzed 
is thus very simple, figure 3, and may be 
analyzed exactly as Marshall and Lang- 
guth have previously done, except that 
I,=0. 

The equation for the difference current 
will be the same as given by Marshall and 

* Langguth (equation 15, corrected) in their 
paper, except to neglect Lz. 


cis f Riel dt+Ce/™ = (1) 


t = 
ae 


where 7;=1,/ Ro. 
If the circuit is closed at the moment to 
get a fully offset primary current: 


i=I (cos wt—e-/7) (2) 


Substituting for 7 and performing the 
indicated integration gives: 


V/ 14 (eT)? T-—T; 


(3) 
A=tan! wT; 
ae 
Ses 


This equation is perfectly general, and 
is the one on which the calculation of ex- 
citing current will be based. Its limita- 
tion in actual use is that LZ; (and 7}) are 
assumed to be constant; in the actual 
problem the solution must be carried out 
into the region of saturation, and Z; (and 
T;) will vary. 


Step-by-Step Solution 


THREE-ZONE SATURATION CURVE 


Any saturation curve can be repre- 
sented as closely as may be desired by a 
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Figure 6A. Oscillo- 
gram showing that 
nonsaturating —cur- 
rent transformer 
(primary current) 
balanced against 
current transformer 
that saturates (sec- 
ondary current) gives 
a false differential 
current 


vay 
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Primary current, 4,000 amperes rms, T=0.075, ratio 1,000/5, test current transformer core 
area 1.69 square inches, secondary resistance 1.05 ohms 


number of straight lines. This makes it 
possible to consider the inductance con- 
stant in a given region, as in figure 5A. 
With such an approximate curve, the 
magnetizing current may be calculated 
by means of equation 3. The procedure 
is to begin at time, t=O, setting Li1=Ly, 
%=0, evaluate C,, and calculate 1 at 
various values of ¢. It must be remem- 
bered that each time that 7, enters a new 
region, figure 5A, the value of L; must 
be changed correspondingly, and a new 
value of C, obtained. This procedure 
gives good results, but is very laborious, 
and quite impractical for most problems. 
Further simplification is desirable. 


Two-ZONE SATURATION CURVE 


It will usually be found that the excit- 
ing current will be negligible in its effect 
on the differential relay until the upper 
region of the saturation curve is reached. 
This justifies the assumption of a more 
simple shape of the saturation curve, as 
in figure 5B. The advantage of this shape 
is that L, is infinite until the ‘‘saturation” 
flux is reached, and the boundary condi- 
tions at the same time, f,, at which @, is 
reached are: ¢ = h, Returning 
to equation 5 in the paper by Marshall 
and Langguth, the flux will be (letting 
L.=0 and writing J, for N,J,/Ns) 


1 —- {0 


or Rete v" +e (4) 


o= 


w 


1082, [ R: sin of 
N; 


The procedure of calculation will be: 


1. Calculate the flux variation beginning 
at time, t=0, ¢=0. Evaluate C accord- 
ingly, and calculate ¢ at several intervals ot 
time, t, as necessary to determine the time, 
t,, at which the flux will reach the “‘satura- 
tion’”’ value, ¢s. 


2. The new boundary conditions to be used 
now in equation 3 will be t=h, u=0. 
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Evaluate C, and calculate z; at suitable inter- 
vals of time. Inspection of the equation 
shows that 7; may be maintained at a posi- 
tive value for a considerable length of time 
if the values of t, C), and T are suitable. 


3. However, 7; will eventually pass through 
zero. When it does at time, t=, we must 
return to the equation 4 for ¢ and substi- 
tute the boundary conditions, t=f,, 6=4¢;. 
The variation of ¢ must then be calculated. 
Usually, it will return to the “‘saturation’’ 
value of ¢; within a fraction of a cycle, 
say at time, fs. 


4. Attime, ts, 72;=0, determine a new value 
of C, and continue calculation of 7,. 


This procedure might appear to be fully 
as difficult as that of the first method. 
Actually, it is much easier, and usually 
gives results which are not appreciably 
different. 

If circuit constants are such that the 
exciting current (paragraph 2 above), is 
maintained at a positive value for a num- 
ber of cycles, equation 3 shows that this 
exciting current is composed of a sinu- 
soidal component with two superimposed 
d-c components. Unless the top of the 
saturation curve has an appreciable cur- 
vature, there will be few harmonic com- 
ponents in the exciting current. The 
variation of flux may occur over a rela- 
tively short zone along the top of the 
saturation curve, which may be nearly 
straight. Of course, the actual flux varia- 
tion is always along a superimposed 
hysteresis loop, and the equivalent de- 
gree of curvature with the resulting har- 
monic components cannot be practically 
determined on any exact basis. However, 
that the actual differential 
nearly sinu- 


tests show 


current may often be very 


soidal. 
FLAT-Top SATURATION CURVE 


A still more simple method is to as- 
sume that the saturation curve has a flat 
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Figure 6B. Check of calculated error current 
against measured error current of figure 6A 


The lower section of the figure is a continua- 
tion of the upper section. The “‘calculated 
error current’ was calculated by the step-by- 
step method, equation 3 and sloped-top 
saturation curve, and the “equivalent half 
sine waves’ were calculated using equation 12 


Constants for calculated error current: /= 

98.3, T=0.075 wl, corresponding to slope 

of top of saturation curve=1.37, R2=1.05, 
A =1.69 square inches 


top, so that L; will be zero after satura- 
tion (figure 5C) and the current equa- 
tion will become: 


4=1I(cos wt —e-/7) 


This is the same as the expression for the 
primary current, and shows, as would be 
expected, that if the saturation is com- 
plete at density, ¢;, there is no further 
reproduction of current in the secondary 
circuit until the time during the cycle 
when the primary current again passes 
through zero. At this time, the flux will 
tend to decrease below ¢, and the primary 
current will, thereafter, be perfectly re- 
produced until the flux once more in- 
creases to @;. 

Figure 6B shows the exciting current 
as measured, and as calculated according 
to the sloped-top, and the flat-top satura- 
tion curve, compared with test values, 
for a given example. It can be seen that 
the calculated values according to both 
methods are in fair agreement with the 
test values. 


Approximate Formulas 


All these methods involve a great deal 
of numerical work. They are entirely too 
difficult for use in making the large num- 
ber of preliminary estimates of perform- 
ance which must be made during the 
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study of a system of protection for a given 
bus layout. A still more simple solution 
is based on some rather bold assumptions. 
The justification of these assumptions will 
be shown to be two-fold: 


1. The assumptions will be such that the 
final result will be pessimistic. 


2. The results will agree sufficiently well 
with actual tests to be generally useful. 


Returning to figure 6B it will be seen 
that the measured exciting current exhib- 
its the following characteristics: 


1. The area under the test current wave is 
very nearly the same as the area under the 
calculated current wave. 


2. The exciting current wave form is ap- 
proximately that of a half-wave rectified 
current. 


These characteristics are shown in a 
large number of oscillograms, some of 
which are shown in figures 6A, 10A, and 
10B. 

From these considerations we will make 
the following assumptions: 


1. The exciting current can be calculated 
and dealt with on the basis that it will al- 
ways be a half sine wave. 


2. The magnitude of it can be calculated 
on the basis that the area under the half 
wave will equal the area under the exciting 
current wave calculated by the previously 
described method. 


The meaning, and the advantage of as- 
sumption 2 will be apparent from the 
consideration that the area of the exciting 
current wave can be determined fairly 
simply from the fundamental equation: 


dp : 
NG 10— Ss Rote 


noro-raro-s f napmRe fit (5)* 


and the consideration that ¢ will be at the 
saturation value at both beginning and 
end of a cycle, and that if the integration 
is from beginning to end, N@ must, there- 
fore, be zero. The equation then becomes 
simply: 


t=nT 9 
nf i,dt = 0 
t= (n+1) T> 


However, the actual integral of an asym- 
metrical primary current over a cycle is 
obviously not zero. The meaning of this 
is that the whole value of the integral of 
primary current is exciting current, and 
will flow through the differential circuit. 
This integral is easily evaluated and can 
be shown to be (see appendix I): 


t=nT' 
i idi=T Temes (7) 
t= (n+1)T 


Te (6) 
eT) 
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for any given cycle, n. Now, if the area 
under the exciting wave is IT nen ntl 
according to (7), the magnitude of its peak 
value can easily be determined, if the as- 
sumption is maintained that the exciting 
current will appear as a half sine wave. 
The area under a half sine wave is (see 
appendix I): 


gees (8) 


wv 
where 


P=peak value 
To=time of one cycle 


If the area is given by (7), the peak value 
can be obtained from (8) and (7). 


A 
Pata ale *e/t 


0 


(9) 


This expression for value of any exciting 
current peak at the mth cycle can be very 
quickly evaluated. 

Determination of the time at which 
the saturation value of flux is reached can 
be made from equation 4. This equation 
cannot be solved for ¢ as it stands, but if 
we make the pessimistic assumption that 
the sinusoidal component is always at its 
maximum value— 


R; sin wt Ro 


w w 


then the equation can be solved for ¢, giv- 
ing 


t= a log} 1 eS ink (10) 
ale Q: oe Toes a ny 


If an impedance, Zp, is connected into 
the differential circuit, it obviously will 
reduce the differential current. If the 
resistance were zero, the effect of induct- 
ance would be to reduce the variation in 
current, but to allow about the same mag- 
nitude of d-c component. If the induct- 
ance were zero, the resistance would con- 
tinuously oppose the current, reducing it 
at every point on the wave. 

If the differential current is calculated 
on the basis that the inductance in the dif- 
ferential circuit is negligible, the calcu- 
lated value will certainly be somewhat too 
high, and the result will be in error on the 
conservative side. Referring to figure 9, 
we can rewrite (5)— 


Ndo 
dt 


es= 108= Roig—Rpt (11) 
Considering, as before, that @ will have 
to be the same, and equal to ¢, at the end 


of each cycle, it can be shown that (ap- 


di 
* L:— may be included in this equation, but it can 
t 


be shown that the resulting integral Lzi will be 
negligible for any usual problem. 
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pendix IT) the differential current will be 
a fraction of the value calculated from the 
assumption that the resistance in the dif- 


_ ferential circuit is zero, or 


P=nle-"t/T me Rave 


Ryik, (peak amperes) (12) 


The methods used may seem to lack 
mathematical rigor. Indeed they do, 
but the assumptions are all uniformly 
pessimistic, and cannot well cause errors 
which destroy the practical value of the 
result. Comparison with tests show that 
the results are sufficiently accurate to be 
useful. 


Relay Characteristics 


The operating characteristics of relays 
are usually given in terms of symmetrical 
sine-wave quantities. Also, when cur- 
rent-time curves are taken, the current is 
usually left on until after the contacts 
have closed and the time determined. 
Consideration of the characteristics of the 
expected differential current reveals at 
once that it is not always sinusoidal nor 
symmetrical, and that it does not neces- 
sarily last for a length of time sufficient to 
cause the relay contacts to close, depend- 
ing, of course, upon the time setting of the 
relay being used. For the differential 
problem, additional data are needed. 
These cover relay performance on altered 
wave forms involving various amounts of 
d-c and current-time curves wherein the 
current is applied only for a limited time. 
The latter curves will be termed 
pulse curves’ for convenience. 

It is impossible to duplicate in the relay 
testing laboratory all of the possible cur- 
rents which may occur in the differential 
circuit when all the variations between ap- 
plications and between different possi- 
bilities for one application are considered. 
The best that can be done is to take data 
of a general nature which may be approxi- 
mately interpreted for the particular ap- 
plication. Consideration of a large num- 
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Figure 7. Test oscillogram showing error 
current with high percentage of direct current 
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ber of test oscillograms lead to the follow- 
ing conclusions: 


1. The differential current for two or more 
cycles may be fairly represented in many 
cases by a fully and continuously offset sine 
wave. These few cycles, then, represent 
those test conditions wherein the harmonics 
present in the differential current are of 
manor consequence. The condition is easily 
set up by passing both steady-state direct 
current and sine-wave alternating current 
through the relay coil at the same time. 


2. Subsequent cycles of the differential cur- 


rent may be fairly represented by half-wave 
rectified current. This approximation is 
sufficiently accurate until the differential 
current has subsided to a point where it is 
negligible in comparison with the original 
peak values. 


A comparison of a standard current- 
time curve with impulse curves is given 
in figure 8 for a standard-type COH over- 
current relay. Each of the four curves 
was taken with the same tap and time- 
lever setting. The abscissas are plotted 
in terms of peak amperes rather than rms 
amperes in order that the approximate 
formula (9) or (12) for differential current 
may be most useful. Curve a is the usual 
current-time curve where the current is 
not interrupted until after the contacts 
close. For curve b, however, sine-wave 
60-cycle current was applied only for the 
length of time shown by the time scale, 
and then interrupted. After the current 
was interrupted, the contacts closed due 
to kinetic energy stored in the disk. The 
total elapsed time from the application of 
current until the contacts closed is not 
shown by the curve at all. Thus, this 
curve is an “impulse curve’, indicating a 
product of current and time which will 
store just sufficient kinetic energy in the 
relay disk to cause the contacts to close. 
Curve cis a similar impulse curve, except 
that half-wave rectified current was used. 
Curve d is a similar curve for a fully offset 
sine where the direct current 
through the relay was made equal to 
1.414 times the a-c sine-wave amperes. 
Curves ¢ and d compared with curve b 


wave, 


show the effect of ad-c component. Also, 
for the same peak-current values, curves ¢ 
and d have less rms and 60-cycle compo- 
nent values. Curves c and d differ from 
each other because of the proportion of 
the direct current being different and be- 
cause there are harmonics in the half- 
wave current. 


Confirming Tests 


The approximate methods of calculat- 
ing the current-transformer performance, 
as given, and the proper interpretation of 
the results in terms of impulse character- 
istics of the relays would have no value, of 
course, if it were not possible to verify the 
predictions made by means of suitable 
tests. Confirming tests have been made 
with results as given below. 


Test SETUP 


Figure 9 shows the essential details of 
the test setup which was used. The cir- 
cuit for demagnetizing the current trans- 
formers between tests is not shown. The 
nonsaturating current transformer shown 
was liberally designed so that it would not 
saturate under any of the test conditions. 
For this reason, the oscillographic record 
of 7 was taken as the true picture, in terms 
of the secondary, of the primary current. 
At the same time, the current, 7, may be 
taken to represent the total output of any 
number of current transformers carrying 
current into a bus for an external fault, 
as in figure 1, on the basis that these cur- 
rent transformers do not saturate. This 
is a legitimate simplification of test setup, 
since nonsaturation of the input current 
transformers gives the maximum differ- 
ence current, 7, for a given saturation of 
the outgoing current transformer. Thus, 
the most pessimistic condition is arrived 
at at once with a decided simplification of 
test. 

The resistor, Ro, was used to obtain vari- 
ous degrees of saturation of the test cur- 
rent transformer. The resistor, Rp, was 
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Figure 9. Diagram of test circuit 


used to explore the possibility of prevent- 
ing the false operation of a simple over- 
current differential relay by this means, 
and to check the accuracy of equation 12 
showing the reduction in differential cur- 
rent expected. 

As usual in tests of this kind, the cur- 
rent wave shape which can actually be 
obtained is not the perfect shape assumed 
in the theory, and the test results have to 
be properly interpreted to take the actual 
variation into account. The actual wave 
departs from the theoretical as follows: 


1. It is never perfectly offset. 


2. The output from a power transformer 
will contain not only a d-c component in 
proportion to the primary d-c component, 
but also a secondary d-c component deter- 
mined by the constants of the secondary cir- 
cuit. Asa result, the secondary current, if 
initially offset on one side of zero, always be- 
comes slightly offset on the opposite side be- 
fore the transient finally disappears. The 
apparent decrement toward the end of the 
transient is higher than at the beginning, 
and higher than would be predicted from the 
true time constant L/R of the circuit. 


3. There seems to be a higher decrement 
over the first cycle of current, probably due 
to the contact not being solidly closed ini- 
tially. 


The test results were, therefore, ana- 
lyzed as follows: 


1. The time constant was determined by 
plotting the logarithm of the average value 
of current. When the time constant de- 
parted to an appreciable extent from the true 
value (toward the end of the transient) the 
test and calculation do not agree, and this 
fact was simply accepted as unavoidable. 


2. The logarithm of the average value 
plotted against time was projected back to 
the value it should have if the wave were 
fully offset, and it was always found to occur 
at a negative value of time. The calcula- 
tions were then made on the basis that the 
current was fully offset, but that the trans- 
former flux started at zero at some equiva- 
lent time corresponding to the real beginning 
of the current. That is, if the current was 
such that it would have been fully offset at 
—1.0 cycle (one cycle before the actual be- 
ginning) the time of saturation of the trans- 
former can still be calculated by assuming 
that the flux starts from zero at 1=1 cycle 
and the successive values of differential cur- 
rent calculated using +1 instead of » in 
equations 9 and 12. 
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Table | 


1=98.3 Re=1.05 Rp=0.38 
P = Peak Value of Differential Current 


Calculated Cycles From 
Figure 8¢ Reciprocals** 
1.05, t¢—nT)/T P Test From From 
= mle 0 
Doso* Deft t a 1.43 Figure 10A Calculated P Test P Column 5 Column 6 
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1.748 cic eastere 1.174 

* noso denotes the number of the cycle on the oscillogram. 
+ neff denotes the number of the cycle on counting from time, ‘= —1.0 cycle where the current would 


have been fully offset. 

** The reciprocals indicate a percentage of the energy required to operate the relay. Thus, if three cycles 
of a given peak current are required to close the contacts, then each peak delivers one-third of the total 
energy needed. 


This sort of interpretation is awkward 
and not as straightforward and clear as 
might be desired, but is hardly to be 
avoided. If an a-c generator is used to 
supply the current, the difference between 
transient and subtransient reactance will 
reduce the initial a-c component, with the 
result that a wave which is initially fully 
offset may be more than fully offset dur- 
ing the second or third cycles, which will 
also require interpretation. It is obvious 
that the possible impulses of differential 
current can safely be calculated on the 
basis that the a-c component is main- 
tained at the value corresponding to 
the subtransient reactance. Therefore, 
whether the current source is a generator 
or a transformer, the calculated differen- 
tial current will always be somewhat 
higher than the actual value, providing 
that the current is based on the sub- 
transient reactance of the generator. 


Figure10A. Oscil- 
logram made under 
the conditions of 
table 1. Relay con- 
tacts close at the 
12th cycle 
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The perfect current transformer used 
as a standard had about ten times the 
cross section of core and about one-fifth 
the resistance in its circuit of the trans- 
former under test, and calculation showed 
that its flux density never exceeded the 
value corresponding to maximum perme- 
ability, so that it can safely be considered 
to be perfect. The other transformers in 
an actual differential protection circuit 
may not be perfect. If they are not, 
the actual differential current will be even 
less, and a perfect transformer balanced 
against a poor one represents a worst 
possible condition. 

Taking all these considerations into ac- 
count, a large number of tests were made 
and compared with calculations. 


Test RESULTS 


The first set of tests was made with 
negligible resistance in the differential 
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circuit. The differential current was cal- 

culated according to equations 3 and 4, 

and a very good agreement obtained 
(figure 6). It was also calculated accord- 
ing to equation 12, and it can be seen that 
the equivalent half sine waves are much 
larger than test values to begin with, but 
are in fairly good agreement with test 
after the first few cycles. 

The ‘next step was to introduce re- 
sistance into the differential circuit. 
With a burden resistance of 0.82 ohm 
and a differential resistance of 0.38 ohm, 
the oscillogram of figure 10A was taken. 
The primary current lacked one cycle of 
being fully offset; that is, it would have 
been fully offset at —1.0 cycle. The time 
to saturation, calculated by equation 10, 
is 0.95 cycle. Taking this as 1.0, the 
equivalent time at which saturation would 
occur is actually about 2.0 cycles, and the 
successive calculated peaks (equation 12) 
of differential current are given in table 
I with the test values scaled from figure 

_10A for comparison. 
The number of cycles which each 
peak would have taken to operate the 
relay (taken from figure 8) are given in 
columns 5 and 6 of table I, and the re- 
ciprocals of the numbers of cycles in 
columns 7 and 8. The sums of these 
columns are 1.74 and 1.17 respectively, 
and both indicate that the relay should 
operate. The relay actually operated 
about once in six times of application of 
current, and always operated when the 
current was offset as in figure 10A. 

When the differential resistance is in- 
creased to 0.75 ohm, the oscillogram, 
figure 10B results and the corresponding 
peaks are given in table II. The sum of 
the reciprocal column based on calculated 
current indicates that the relay should 
operate. Actually, the relay could not be 
made to operate. 

These tests indicate a considerable fac- 
tor of safety. A large number of tests and 


Figure 10B. Oscil- 
logram made under 
the conditions of 
table Il. Similar to 
table I, except that 
Rp =0.75 ohm. The 
relay does not 
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calculations have been made, some of 
which show no factor of safety at all, and 
one test showed an actual operation when 
the calculated sum was only 0.8. This 
test indicates that if nonoperation is to 
be guaranteed, the sum of the reciprocal 
column should be held to something less 
than 0.8. A sum of 0.5 has been taken as 
a very safe value. If saturation occurs 
during the first two or three cycles, con- 
sideration of the possible differential cur- 
rent shows that each peak will have to 
last longer than one-half cycle and will, 
therefore, have a smaller peak value. 
Therefore, a larger factor of safety can 
be counted on if saturation occurs very 
soon than if it occurs later. 

The test results which can be presented 
here are necessarily limited, so that they 
cannot adequately cover the entire range 
of possibilities. A large number of tests 
have been made, however, with sufficient 
results to justify the methods covered in 
this paper and are sufficiently general to 
warrant the following discussion. 

In figure 10, for example, it is noted 
that the first few cycles of differential cur- 
rent are composed almost entirely of a d-c 
component and a sine-wave component. 


Table Il 
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Obviously, its form is different from half 
wave, but the half-wave impulse curve of 
the relay was used in predicting relay 
operation. A better prediction could 
have been made by using impulse curve 
8d for the first few cycles. However, 
curve 8d shows that the combined direct 
current and sine wave is less effective in 
operating the relay, and it is thus con- 
cluded that the use of curve 8c errs on 
the conservative side. From the point 
of view of simplification, as well as insur- 
ing that errors will always be on the con- 
servative side, it is better to use curve 
8c only, neglecting curve 8d. 


Other Relays 


The tests described were made with a 
simple overcurrent relay. In many cases, 
such a relay is not adequate for bus differ- 
ential protection. The type CA-6 relay, 
which is a ratio-differential relay of the 
variable-ratio type, may be used where 
the requirements are more severe. With 
this relay, the same method of calculation 
of the peak values of the differential cur- 
rent may be used, of course. In consider- 
ing the impulse characteristics, however, 
the effect of through fault current re- 
straint is very important and helpful in 
allowing a much greater degree of current 
transformer saturation without causing a 
false tripping operation for a through 
fault. The impulse curves for the type 
CA-6 relay are quite similar to curve ¢ 
of figure 8, except that they are moved 
considerably to the right, even with 
moderate restraint values. 


Conclusions 


1. The methods of approximate calcula- 
tions outlined provide a tool for the analysis 
of current-transformer performance which 
has not been available previously. 


2. The resulting predicted current in dif- 
ferential relay circuits is sufficiently accurate 
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for determining relay schemes and settings 
because the approximations which it has 
been necessary to make have been uniformly 
made on the pessimistic side. 


3. The use of impulse curves of relays is of 
material value in reducing the amount of 
safety factor to allow because of unknown 
factors. 


4. It is felt that the agreement between 
calculated results and test results, while not 
perfect, is sufficiently close to warrant the 
use of the method by protection engineers. 
Because of the variations noted, however, it 
is recommended that a safety factor of about 
2 should be applied in relay work. 


Appendix | 
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T/T» must be at least 3 in any problem of 
importance, because if the transient has a 
time constant less than three cycles long, 
it may usually be neglected. Hence, 7o/T 
will be less than 0.33 and if we write the 
series for €—10/T; 
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and higher terms can be neglected. 
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Hence: 
ib t=nT 

t= (n+1) To 
Evaluation of area under a half sine wave of 
peak value P: 


t=1/w 
Area -? ff sin wtdt 
O06 
| cos =f" 
=P| — 
w 0 
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If the area of the integral 
vies 

t=(n+1)To 
is to be set equal to the area under the 
equivalent half sine wave, PTo/z: 


i=lT en eT 


PT = Teo nT o/T 
T 


the equivalent peak value is P=xJ€—"70/7, 
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Derivation of equation 12, considering 
effect of resistance in differential circuit: 
Continuing from equation 11, and following 
the same reasoning as in going from equa- 
tion 5 to equation 7: 
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As in appendix I, if we express the area, 
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the equivalent half sine wave and 
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Electric Braking for Railroad and Urban 
Transit Equipment 


F.H. CRATON 
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To PURPOSE of this paper is to 
outline the present status of electric 
braking in the railroad and urban transit 
fields and to point out possible solutions 
of future braking problems particularly 
those arising from increasing speeds. 


General 


The science of train braking has pro- 
gressed steadily with the development of 
railroad transportation. Improvements 
in air brakes along with improvements in 
motive power and rolling stock have made 
possible the steadily increasing speed 
and length of trains; in fact, the railroad 
industry as we know it today. With 
the exception of a few railway electrifica- 
tions where regenerative electric braking 
has been applied, this entire develop- 
ment of braking on the railroads of this 
country has been, until very recently, that 
of the compressed-air system. 

As the speed and length of trains have 
increased, the braking problem has be- 
come more and more difficult of successful 
solution. In freight-train operation, the 
problem is accentuated more by the 
length than the increased speed and has 
been one more of control than of dis- 
sipation of energy. This is because maxi- 
mum speeds have been restricted both 
by tonnage handled per locomotive 
unit and by the design of rolling stock 
used. On the other hand, length of 
trains has increased to such an extent, 
it has been difficult to transmit the 
braking impulse from the locomotive to 
100-150 cars in such a way as to avoid 
undesirably variable response, rough 
slack action, and damage to equipment 
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and lading. A program is now under way 
involving application of improved brake 
equipment to approximately 2,000,000 
freight cars to eliminate these conditions. 

In passenger equipment, the problem 
of braking is more affected by increased 
speed than increased train length. A 
20-car train is about the maximum 
handled and most trains are further 
restricted by traffic requirements and 
station-platform limitations. The use of 
spring buffers and other means of either 
controlling or eliminating slack, simplify 
the problem. The use of electropneu- 
matic brakes on unit trains effects in- 
stantaneous transmission of the braking 
impulse to every car. The difficulty 
arises from the peak speeds now en- 
countered—100 miles per hour or more— 
where desired retardation rates, braking 
ratios, shoe pressures, and rate of energy 
dissipation greatly exceed past require- 
ments for safe and economical operation. 

Associated with the high-speed de- 
celeration problem is the requirement of 
higher-speed operation on down grades 
where, in mountain territory, railroad 
profiles require miles of continuous op- 
eration descending two per cent grades, 
imposing a heavy load on the brake 
equipment from the standpoint of con- 
tinuous energy dissipation that is almost 
directly proportional to the higher speed. 

These problems are serious and much 
research and development work is being 
done by the air-brake manufacturers to 
cope with them. Tied in with these prob- 
lems is the question of the deleterious 
effect many claim high-speed braking 
has on wheel life and performance. This 
has led to experiments with various types 
of nontread friction brakes. 

In the urban transit field schedule 
speeds have also been increased with a 
corresponding increase in braking rates as 
well as acceleration. While speeds are 
much lower than for heavy railroad op- 
eration, the requirement for more rapid 
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acceleration is, nevertheless, an important 
factor. At the same time relief from ex- 
cessive heating of the wheel treads by 
mechanical braking is essential to eco- 
nomical maintenance and safe operation. 

Unlike heavy railroad operations, ur- 
ban vehicles rarely require braking on 
long grades but are concerned principally 
with frequent and rapid decelerations for 
stops. Dynamic or rheostatic braking 
systems and electromagnetic track brakes 
are now being extensively applied to ur- 
ban transit vehicles. 

The successful dissipation of large 
amounts of energy is not the only prob- 
lem in high-speed braking. Due to the 
high retardation rates required to hold 
stopping distances within prescribed 
limits, it is desirable to take advantage 
without wheel sliding of all of the wheel- 
rail adhesion possible throughout the 
complete deceleration. Opposed to this, 
is the fact that the braking force is di- 
rectly affected by many transient phe- 
nomena, which cause it to change many 
times during a deceleration. Not only 
does this make necessary the use of de- 
vices to alter the braking ratio during 
a maximum deceleration, but also, be- 
cause these phenomena are likely to 
differ in magnitude on different axles in 
the train due to condition of wheels, 
shoes, brake rigging, etc., the brake ap- 
plication should be such as to prevent 
wheel sliding on the axle most susceptible 
to it. Devices are now being tried which 
anticipate wheel sliding on each axle 
and automatically ease the brake shoe 
pressure when wheel shding is imminent. 

A precept which has governed the de- 
sign of new braking equipment is that 
improvements must be of such a nature 
that they will function in complete har- 
mony with existing apparatus and thus 
preserve the enormous investment in 
equipment already in service. 

The foregoing remarks give a rough 
idea of the magnitude and complexity 
of the braking problem, particularly with 
respect to high-speed passenger opera- 
tion. The following discussion will at- 
tempt to show the part which various 
forms of electric braking are playing 
in the railroad picture and what effect 
they may have on the further develop- 
ment of means to cope successfully and 
economically with this increasingly difh- 
cult problem of high-speed braking. 
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Braking a train from high speed to 
standstill usually takes the form of un- 
productive liberation of heat by the dissi- 
pation of kinetic energy created during 
acceleration. Braking on a heavy down- 
grade at constant speed produces the 
same result by dissipating potential 
energy created by hauling the train uphill 
previously. The natural function of a 
wheel appears to be to roll under load 
and not act as a medium for the dissi- 
pation df excessive amounts of energy 
at excessively high rates such as encoun- 
tered frequently in the retardation of 
modern trains. Even though wheels have 
been employed at this task with con- 
siderable success, the demands have 
reached a point where other means are 
being considered for the dissipation of 
this energy. 


Regenerative Electric Braking 


The ideal braking system would be one 
which would transform into useful work 
all available kinetic and potential energy 
in the train not absorbed by normal 
train friction. As this would require a 
system of 100 per cent efficiency, it is 
obviously impossible but from a practical 
standpoint, such a system for constant- 
speed retardations is approached by re- 
generative electric braking which is avail- 
able for most forms of straight electric 
locomotives, and is one of the several 
advantages which railroad electrifica- 
tion in general makes available. 

This type of braking has been used on 
mountain electrifications exclusively 
since the benefits have been greatest in 
retarding heavy trains while negotiating 
long steep grades. Wherever used, this 
system has been very successful and has 
resulted in the following advantages: 


Saving of approximately 15 per cent of total 
power required without regeneration, and 60 
per cent on two per cent grade sections. 


Elimination of brake shoe, wheel, and brake 
rigging trouble with attendant reduction in 
maintenance costs. 


Smooth, continuous braking effort over long 
periods eliminating surges in speed with re- 
sultant wear and abuse of equipment. 


Increased safety because the air brake is held 
in reserve so that in case of emergency stops, 
the air-brake system is charged and wheels 
and brake shoes are cool. 


Increased comfort to passengers due to con- 
stant speed on grades and absence of noise 
due to grinding of shoes on wheels. 


With this system, the braking power is 
limited by the driver weight of the loco- 
motive and the capacity of the traction 
motors. In operation involving retarda- 
tion of the train downgrade at constant 
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speed, due to the fact the braking effort 
necessary is equal to the required tractive 
effort to haul the train up the grade minus 
twice the train friction, modern re- 
generative locomotives are capable of 
handling with leeway, any train down- 
grade which they can handle up the same 
grade. Grade sections also frequently 
include heavy curves which are fully 
compensated and this factor further re- 
duces the braking necessary to hold a 
descending train. 

Take for example a passenger train of 
1,000 tons gross weight hauled by a 3,000- 
volt d-c locomotive recently put into 
service. The locomotive weighs 185 tons 
with 135 tons on drivers. The motoring 
and braking characteristics are shown in 
figures 1 and 2 respectively. The trac- 
tive effort required to handle this train 
up a two per cent grade is 47,000 pounds 
or 17.4 per cent adhesion, which gives a 
balancing speed of 50.3 miles per hour in 
the highest-speed motor combination. 
Retarding this same train down a two 
per cent grade requires 31,000 pounds 
braking effort or 11.5 per cent adhesion, 
which is attainable up to 67.5 miles per 
hour. 

Track conditions, particularly curva- 
ture, will, of course, govern speeds in this 
type of operation, but the foregoing 
example shows the possibility of regen- 
erative electric braking with a modern 
high-powered locomotive with respect 
to high-speed operation in heavy-grade 
territory. In this example, additional 
electric braking power is available if re- 
quired, and with the air-brake system 
backing up the regenerative brake, 
safety is assured. 

The regenerative electric brake can be 
used to advantage sometimes for light 
decelerations, the extent depending upon 
the grade, weight of train, and required 
decelerating rate. The bunching of slack 
and the smooth, quiet application of re- 
tarding effort is both beneficial to equip- 
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Figure 2. Speed-braking effort curves for a 
185-ton six-motor electric passenger locomo- 
tive with regenerative braking 


ment and, in passenger service, a dis- 
tinct advantage particularly to patrons 
in sleeping cars. 

For retardation cycles approaching a 
full service or emergency application with 
air equipment, the regenerative brake, 
which is available on the locomotive 
alone, is entirely inadequate because of 
limitations in both driver weight and 
electrical capacity. For such decelera- 
tions, it is necessary to take advantage 
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of the entire adhesive weight of the 
_ train. To appreciate this fully, consider 
_ the conditions involved in decelerating a 
1,000-ton train from 80 miles per hour to 
_ standstill on level track. 

| At 80 miles per hour this train pos- 
_ Sesses a kinetic energy of approximately 
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Figure 3. Speed-braking effort curves for a 
self-propeiled locomotive with dynamic brak- 
ing 


428,000,000 foot-pounds, ignoring the 
rotational energy of wheels and axles. 
With a full service application of the air 
brakes, the deceleration will be at ap- 
proximately two miles per hour per second 
average to standstill. On the basis of the 
train resistance cancelling the rota- 
tional energy during deceleration, which 
is essentially true, the average braking 
effort during the retardation cycle would 
be 182,000 pounds and the average dis- 
sipated horsepower 19,400. Taking the 
powerful locomotive represented by fig- 
ures 1 and 2, this corresponds to a wheel- 
rail adhesion of 67 per cent and a braking 
horsepower 277 per cent of the maximum 
available. 

In an emergency application at three 
miles per hour per second average de- 
celeration, the average braking effort be- 
comes 273,000 pounds, and the average 
dissipated horsepower, 29,100, corre- 
sponding to 101 per cent adhesion and 
415 per cent of the maximum available 
braking horsepower of the locomotive. 

These decelerations, which are not 
based on unusually severe conditions of 
either maximum speed or weight, give 
another insight into the magnitude of the 
energy to be dissipated and the resulting 
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forces involved in the braking of high- 
speed modern trains. 


Dynamic Electric Braking 


Self-propelled locomotives using elec- 
tric drive such as the Diesel-electric and 
steam-electric types can be equipped with 
dynamic braking which does not differ 
essentially from regenerative electric 
braking except that the energy must be 
dissipated in some manner on the loco- 
motive rather than returned to the dis- 
tribution system. 

In some respects the dynamic electric 
brake has advantages the d-c regenerative 
brake does not have, in that the dynamic 
brake is flexible as to its characteristics, 
There are two types of braking character- 
istics, the holding brake and the stopping 
brake. The former has variable braking 
effort at constant speed and the latter, 
constant braking effort at variable speed. 
The regenerative electric brake on d-c 
equipment is of the holding-brake type 
inherently because it is tied down to con- 
stant voltage operation. The dynamic 
electric brake, however, can be designed 
to produce any desired characteristic by 
suitable arrangement of circuits, excita- 
tion, and external resistor values. 

Figure 2 shows the characteristic 
curves of the regenerative electric brake 
on a d-c locomotive. The relatively flat 
shape means the locomotive can descend 
a variable profile at practically constant 
speed, automatically adapting itself to 
the changes in braking effort required. 

Figure 3 shows a dynamic braking 
characteristic that is vertical and ideal 
for applying constant braking effort 
automatically throughout a deceleration. 
This can be approached with the regen- 
erative brake in figure 2, but only by a 
skilled operator through constant manipu- 
lation of the braking controller, including 
shifting the motor combinations when 
required. 

The 5,000-horsepower steam-electric 
locomotive built for the Union Pacific 
system, has a unique application of dy- 
namic electric braking (figure 4). The 
unusual feature is the method of dissipa- 
tion of electric energy generated during 
braking. The energy is delivered to a 
resistor consisting of sections of seamless 
stainless-steel tubing, through which 
water is circulated from the main power 
plant, the water being heated and in 
heavy braking duty partially converted 
into steam. The outlet of the resistor is 
connected to a separator from which hot 
water is returned to the hot well and 
steam to the main condenser. 

The electric brake may be used alone 
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or in conjunction with the air brakes. 
When used alone or with the air brake up 
to 48 pounds brake-cylinder pressure, 
the output is limited automatically to 
4,800 kw to protect the motors from 
continuous overload down long mountain 
grades. From 48 to 100 pounds brake- 
cylinder pressure, indicating a stop is 
imminent and the demand for power 
limited in time, the output of the electric 
brake is graduated automatically up to 
7,200 kw at the 100-pound cylinder 
pressure which corresponds to an emer- 
gency application on a modern electro- 
pneumatic straight air equipment as used 
on streamlined trains. 

To date there have been no applica- 
tions of dynamic braking to Diesel-electric 
locomotives in main-line service, although 
there is no reason why such braking can- 
not be applied. Experience with this 
type of braking on the Union Pacific 
steam-electric locomotive has emphasized 
the advantages of the system in retarda- 
tions at constant speed or moderate de- 
celerations, as well as safety at higher 
speeds in downgrade operation. 

On a Diesel-electric the energy can be 
absorbed in resistors and the heat ulti- 
mately released to atmosphere through a 
system utilizing the engine cooling water 
and radiators. As alternatives, air- 
blast resistors might be used or resistors 
cooled by a separate fluid system em- 
ploying a synthetic liquid of desirable 
characteristics with respect to specific 
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Figure 4. Speed-braking effort curves for 
5,000-horsepower steam-electric locomotive 
(dynamic braking) 
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heat, boiling and freezing points, dielec- 
tric strength, inflammability, etc. 

A miniature edition of such a dynamic 
brake was put in service recently on a 
400-horsepower 20-ton  Diesel-electric 
rack-rail locomotive for pushing a 12-ton 
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observation car up and retarding it down 
the Manitou & Pikes Peak Railway 
which negotiates Pikes Peak in Colorado. 
The braking problem on this nine-mile 
road is severe because the average grade 
is 16 per cent and the maximum 25 per 
cent and absolute reliability is essential. 
The use of dynamic braking, in which 
power is dissipated in air-cooled resistors 
in the locomotive allows full control of 
the speed throughout the descent with 
the dynamic brake alone except at stop- 
ping when this brake fades out. 

The use of an electric brake would 
eliminate immediately all problems arising 
from sliding-friction phenomena, wheel 
slipping, and temperature changes in 
shoes. Because of its prompter action, 
fewer variable characteristics, and flexi- 
bility, it is effective more quickly than the 
air brake and can be used as well to assist 
the conventional brakes where high-speed 
demands exceed their capacity. 

Electric braking so far has hardly been 
tried in the streamliner field where speed 
is the outstanding factor. Today we hear 
100 miles per hour talked of freely as a 
normal nominal top speed just as 60 
miles per hour was commonly referred 
to as a measuring stick of high speed a 
few years ago. Tomorrow 100 miles per 
hour maximum on the rails may well be 
common, and we shall be looking at higher 
speed levels again as indicative of the 
trend of ultramodern railroad equipment. 
Even today, the modern self-propelled 
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locomotive with electric drive is geared 
for a peak speed of 120 miles per hour. 
As these top speeds increase, the braking 
problem becomes more and more acute. 
The kinetic energy in a train at 140 miles 
per hour is about double that in the same 
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hour per second deceleration from 40 
miles per hour down to approximately 7 
miles per hour. At this speed the dy- 
namic braking fades out rapidly and the 
air brakes are automatically engaged to 
assist the magnetic track brakes in main- 


BRAKING RATE - M.P.H.P.S. 


train at 100 miles per hour. As this trend 
to higher speeds develops, the necessity 
for new braking methods will become in- 
creasingly pronounced. The electric 
brake is a potential candidate to meet 
this necessity; in fact, it may open the 
door to ultrahigh-speed operation, for 
without suitable braking equipment, such 
operation is impractical. 


Electric Braking in Urban 
Transit Service 


In recent years, electric braking also 
has been used in urban transit service, 
which is quite different from heavy main- 
line railroad operation. Urban service 
involves relatively light vehicles, such as 
the Electric Railway Presidents’ Confer- 
ence Committee or ‘“PCC”’ car, the single- 
motor trolley coach, and the gas-electric 
or Diesel-electric bus. 

The PCC car utilizes entirely new pro- 
pulsion equipment to obtain high rates of 
acceleration and braking, and resilient 
wheels which have rubber inserts between 
the wheel tire and hub to reduce wheel 
and rail noise. This design was a factor 
in the adoption of a braking system com- 
prised of dynamic braking, magnetic 
track brakes, and conventional air-oper- 
ated wheel brakes properly blended by a 
single brake pedal. 

During a typical service stop of a PCC 
car weighing approximately 38,000 
pounds with seated load and decelerating 
at 4%/, miles per hour per second, the 
traction motors contribute 31/, miles per 
hour per second of dynamic braking and 
the magnetic track brakes 1!/, miles per 
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Figure 6. Dynamic service braking curve for 
Diesel-electric bus 


taining the braking rate to standstill. A 
feature of this braking sequence is the 
fact that the air brakes are called for at 
the same pedal by which dynamic braking 
is established, but the air brakes are held 
off automatically so long as the dynamic 
braking builds up to the desired rate. 
Thus, if the dynamic brakes should fail 
to build up for any reason, the air brakes 
would be available immediately to assist 
the magnetic track brakes in braking the 
car. Emergency stops at a rate of 7 to 8 
miles per hour per second are obtained by 
increasing the dynamic braking to 4 miles 
per hour per second and the magnetic 
track brakes to 3 or 4 miles per hour per 
second deceleration, by depressing the 
brake pedal to its lowest position. An 
infinite number of intermediate braking 
rates between one mile per hour per sec- 
ond and emergency rate are available by 
depressing the brake pedal a correspond- 
ing amount. 

Dynamic braking was selected as the 
primary brake on PCC cars because it is 
entirely independent of the trolley power 
in case of dewirement and because it re- 
quires relatively little control equipment 
in addition to the accelerating control, 
much of which is also used during the 
braking cycle. In addition, an emer- 
gency dynamic braking position is pro- 
vided on the manually operated motor 
reverser. When the reverser is placed in 
this position, the traction motors are 
short-circuited to provide a very effective 
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Sees emergency brake if all other 
brakes should fail. 

Each magnetic track brake consists of a 
large electromagnet mounted on a long, 
narrow shoe that is suspended parallel 

to and directly over the rail between the 
Se wheels on each side of each truck. 
Four such magnet shoes are mounted on 
q car. When the electromagnet coil is 
energized, the shoe is pulled against the 
rail by its own magnetic action and the 
resultant friction of the brake shoe on 
the rail exerts a braking effort on the car. 
The relative effect of this retarding force 
is dependent upon the magnetic strength 
of the electromagnet coil, which is con- 
trolled by depressing the brake pedal. 
The track-brake coils are energized from a 
storage battery in order to make this 
brake also independent of the trolley 
power in case of dewirement. This brake 
is not usually cut off before standstill is 
reached, nor does it fade out at low 
speeds. However, provision is made to 
release it when the brake pedal is latched 
down to continuously engage the air 
brakes for prolonged parking, in order to 
eliminate needless drain of energy from 
the battery. 

The use of electric braking as the pri- 
mary brake on PCC cars eliminated the 
problem of using air-operated wheel 
brakes for service stops at high rates of 
deceleration with the attendant dissi- 
pation of large amounts of heat in the car 
wheels. In fact, some of the newest cars 
use a spring-applied clasp brake to sup- 
plement the electric brakes at low speeds 
and for parking, and thus eliminate en- 
tirely the use of air-operated wheel 
brakes. The same principles of electric 
braking utilized so successfully on PCC 
cars have recently been applied and have 
materially simplified the problems of 
equalization and prompt response of 
braking effort on all axles of a multi- 
section subway-elevated train (figures 5 
and 6). 
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Electrically propelled automotive-type 
urban transit vehicles, particularly the 
trolley coach, have presented a more 
serious braking problem than mechani- 
cally driven busses, due to the higher 
rates of acceleration and deceleration de- 
manded from electric drive and due to the 
free-wheeling characteristic of electric 
drive in which there is no engine com- 
pression to assist the wheel brakes. The 
use of higher ratios (power-to-weight) 
with electric drive in the last few years, 
coupled with the fact that the physical 
size of wheel brakes has reached practical 
limits, led to the introduction of the com- 
pound-wound trolley-coach motor and 
automatic control equipment designed 
especially for regenerative and dynamic 
braking and speed control, and to the 
development of new series-wound motors 
and control equipments designed es- 
pecially for dynamic braking. 

It is characteristic of the compound- 
wound motor that, if the shunt-field 
strength is increased while motoring at a 
given speed, the motor, driven by the 
inertia of the load, begins to regenerate 
and exert a braking effort on the load until 
a lower balancing speed corresponding to 
the stronger shunt-field strength is at- 
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tained, at the same time returning power 
to the line. 

This principle of shunt-field control is 
utilized with the modern compound- 
wound trolley-coach motor to provide a 
number of balancing speeds over the 
upper half of the vehicle’s speed range, 
with regenerative braking automatically — 
obtained during deceleration from one 
balancing speed to another or while 
holding the coach at any one of these 
balancing speeds during descent of a 
grade. 


The compound-wound motor with the 
shunt-field winding separately excited 
from the trolley has ideal characteristics 
for dynamic braking (figure 8). By op- 
posing the series and shunt fields, a dif- 
ferential action is obtained which pre- 
vents the imposition of excessive strains 
on the rear axle or gearing. Dynamic 
braking and air braking are applied by a 
single pedal. Maximum dynamic braking 
is obtained at approximately one-half 
pedal travel; and at the same time a small 
amount of air is admitted to the brake 
cylinders. Further movement of the 
pedal maintains maximum dynamic brak- 
ing until approximately 85 per cent of the 
air braking is being applied. Dynamic 
braking is then reduced to the minimum 
and 100 per cent air braking applied. 
This operating sequence permits maxi- 
mum utilization of dynamic braking with- 
out applying excessive braking to the rear 
wheels during an emergency stop. 

Paralleling the development of the 
compound-wound motor is a new series- 
wound motor for trolley coaches which 
has been designed especially for dynamic 
braking. This development was made 
possible largely by the introduction of a 
practical, automatic acceleration control 
which has been adapted for use during 
dynamic braking automatically to com- 
mutate the braking resistance in series 
with the motor to hold the desired ac- 
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celeration rate. An infinite number of 
intermediate braking rates between the 
minimum and the maximum are avail- 
able merely by depressing the brake pedal 
a corresponding amount. The same 
brake pedal also controls the air brakes, 
which may be applied simultaneously 
with the dynamic braking to provide 
higher braking rates than are possible 
with dynamic braking alone, or to assume 
the braking duty at low speeds below 
which the dynamic braking automati- 
cally fades out. 

The past year or two has also ad- 
vanced the application of electric service 
braking to existing cars and trolley 
coaches of older design. The scheme 
most universally employed for this pur- 
pose consists essentially of connecting 
load resistors across the motor armatures 
and connecting the armatures in series 
with the motor fields in such a manner 
that, when the fields are excited from the 
trolley, the generated voltage of the 
motor armatures opposes the applied 
trolley voltage. This connection results 
in a differential action which automati- 
cally increases the field strength as the 
armature voltage decreases with vehicle 
speed in order to maintain a substantially 
constant rate of deceleration over a wide 
vehicle speed range. This form of dy- 
namic braking is advantageously applied 
to older-type cars and trolley coaches 
having nonautomatic control and excess 
motor capacity. 

Dynamic electric holding brakes were 
practically standard equipment on the 
earliest gas-electric busses with dual- 
motor drive, as these busses had only 
two-wheel mechanical brakes. However, 
the holding brake as applied to these ve- 
hicles was not designed to assist the 
wheel brakes during a service stop, but 
was intended merely for holding the bus 
at a predetermined speed on some spe- 
cific grade. Since the introduction of the 
modern single-motor equipment for gas- 
electric or Diesel-electric busses was sub- 
sequent to the universal adoption of four- 
wheel air brakes for railless urban ve- 
hicles, the dynamic holding brake has 
been retained only where unusually long 
or severe grades are encountered, com- 
plete reliance being placed on the air 
brakes in most cases. 

However, increased size of busses and 
installation of larger engines, as well as 
a demand for higher schedule speeds, 
have recently promoted the development 
of a fully automatic electric service brake 
to supplement the air brakes on modern 
gas-electric and Diesel-electric busses. 
This form of dynamic braking utilizes 
power obtained from the main generator 
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to excite the fields of the traction motor, 
the armature of which has a braking 
resistor connected across it. The amount 
of motor field excitation taken from the 
generator is automatically regulated to 
maintain an approximately constant 
braking rate over the entire speed range 
of the bus. The electric braking may be 
applied whenever the engine throttle is 
returned to its idling position, in order to 
simulate the retardation effect of engine 
compression, or it may be applied by 
initial movement of the brake pedal. It 
is automatically cut off at low bus speeds. 
Test installations indicate a material im- 
provement in the life and maintenance 
of the wheel brakes on Diesel-electric 
busses equipped with this type of dynamic 
service brake. 

In all cases where modern electric serv- 
ice braking has been applied to supple- 
ment wheel brakes, the life and main- 
tenance of the wheel brakes on electrically 
propelled vehicles has been equal to or 
better than the life and maintenance of 
wheel brakes on similar mechanically- 
driven equipment, in spite of the higher 
schedule speeds and higher deceleration 
rates normally used on electrically-pro- 
pelled vehicles. The use of higher rates of 
electric braking on trolley coaches and on 
electrically-driven busses is not recom- 
mended, however, because the braking 
must all be done on the rear axle and 
would thus cause the rear wheels to as- 
sume a very major portion of the total 
braking duty. This would cause the 
vehicle braking characteristics to ap- 
proach the obsolete performance stand- 
ards of two-wheel brakes which, for ob- 
vious reasons, the industry saw fit to dis- 
card years ago. 


Conclusions 


Operating experience in recent years 
clearly establishes the importance of 
electric braking as a supplementary sys- 
tem both in heavy railroad operation and 
for urban transit. A continued demand 
for higher speeds is to be expected and 
the limitations of mechanical brakes 
without excessive weights and costs have 
already been indicated. Thus, electric 
braking may easily augment the increas- 
ingly drastic requirements of electric 
modern motive power. 

Of the several types of electric brakes 
discussed, regenerative braking is avail- 
able for electrified railroads or trolley- 
coach lines while dynamic or rheostatic 
brakes, eddy-current brakes, and mag- 
netic track brakes can be applied as well 
to self-propelled vehicles. Under heavy 
braking conditions, regeneration returns 
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appreciable amounts of power to the line 
Exceptionally favorable conditions suck 
as a three per cent continuous grade maj 
return regenerated power amounting to a: 
much as 70 per cent of that used for 
motoring. 

Dynamic braking delivers electrica 
energy to resistors where it is dissipatec 
in the form of heat. Eddy-current brake: 
accomplish the same result by use of 4 
self-contained independent device at 
tached to the motor frame and couplec¢ 
to the armature shaft. Eddy-current 
brakes are operating successfully on rapid 
transit equipment but in. general the 
extra cost discourages their general use. 
Dynamic brakes on the other hand make 
use of the existing motor as a generatot 
and usually the resistor equipment nor. 
mally used for acceleration. 

Magnetic track brakes while simple 
and comparatively inexpensive are only 
justified where rapid and frequent de 
celerations are absolutely essential to the 
performance of a given schedule. Pres- 
ent applications are limited to PCC cars 
and rapid transit trains. 
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URING the last few years several 
attempts have been made, especially 
by some foreign railways, to find ways 
and means to feed their 11,000-volt 162/s- 
cycle railway trolley system directly from 
a commercial 50-cycle power source by 
means of a simple device, or then to have 
the locomotives equipped with such ap- 
paratus which would permit using power 
at the latter frequency fed directly to the 
trolley line. In other words, it was felt 
that many advantages could be gained if 
the trolley line could be fed, directly, or 
over a simple converter, from any com- 
mercial power network which would be 
adjacent to the railroad’s right of way. 
This desire led to the development of the 
50-cycle series commutator motor by the 
Siemens Schuckert Company, a 50-cycle 
converter cascade motor by the Krupp 
Company, and to the converter locomo- 
tive by Von Kando. It also led to the de- 
sign by several companies in Europe of a 
locomotive with a built-in mercury-arc 
rectifier for converting the 50-cycle power 
fed directly to the trolley line into direct 
current suitable for standard railway 
motors. 

Furthermore, studies were made using 
a commutatorless motor with a mercury- 
arc rectifier. The development of this 
motor, having no commutator but using 
a rectifier for commutation and able to 
operate on commercial frequency, was, 
however, abandoned in its early stages, as 
far as its use on a locomotive went. 
However, it may be said that since single- 
anode tank rectifiers of large capacity are 
now available, a more economical connec- 
tion for the commutatorless motor could 
be employed than was considered when 
the first investigations were made. 

The operation of these various systems 
proved successful from a technical point 
of view, but they were found less advan- 
tageous from an economical and mainte- 
nance standpoint. 

At this time, as briefly referred to 
above, still another system permitting the 
use of power of conventional frequency 
was under careful consideration, namely, 
using a rectifier on the locomotive con- 
verting 50-cycle power fed directly to the 
trolley system into direct current and 
supplying it to standard railway motors. 
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Finally four locomotives of this design 
were built. Three of them are operating 
on the Hoellental railroad system. This 
system was originally projected for a trol- 
ley voltage of 15 kv but had to be raised 
to 20 kv in order to compensate for the 
high inductive drop at 50 cycles. The 
locomotives were equipped with standard 
series motors, a rectifier and transformer, 
and devices for voltage control, etc. 
The 50-cycle power supplied to the trolley 
system from a conveniently available 
power line is stepped down and converted 
into direct current by the transformer and 
rectifier on the locomotive. 

However, before the studies undertaken 
by four companies in connection with 
these locomotives were very far advanced, 
it was found that the grid control, which 
at first thought appeared extremely 
simple, became quite involved. One 
company even abandoned the idea of con- 
trolling the voltage by means of grids and 
introduced tap changing under load equip- 
ment for regulating the anode voltage of 
the rectifier, and thus in turn the direct 
voltage supplied to the motor. 

Simultaneously with this development, 
attempts were made to develop a static 
frequency changer using grid-controlled 
mercury-arc rectifier-inverters (electronic 
rectifier-inverters). This method would 
also make it possible to take power from 
any commercial network, convert it and 
feed the trolley system with a frequency 
suitable for a-c railway motors.1~> Such 
devices would be static and some of them 
would permit flexible coupling between a 
three-phase 60-cycle, and, for instance, 
single-phase 25-cycle trolley systems. 
Tests® with such frequency changers were 
started over six years ago, and after ex- 
tensive experiments with sets of a capacity 
of 500 to 1,000 kw, a commercial installa- 
tion was finally erected near Basel, Switz- 
erland, feeding power into the 16?/3-cycle 
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trolley system of the Wiesenthal Rail- 
road, Germany, from a 50-cycle net- 
work. ®,!7,19 

The object of this paper is to discuss 
such methods of frequency changing using 
electronic rectifier-inverters which would 
make it possible to transform three-phase 
power of 60 or 50 cycles into 25 cycles, the 
frequency commonly used by the rail- 
roads in the United States. The other 
systems as used today in Europe are 
briefly referred to and discussed only 
where they have a bearing on the systems 
suitable for obtaining 25-cycle power. 


Rotating Versus Static 
Frequency Changers 


The phenomena taking place during 
conversion of electric energy from one 
frequency to another will be discussed 
briefly in order that the arguments in 
favor of methods using electronic con- 
verters can be easily followed, and so 
that some of the theoretical considerations 
put forward in several articles referred to 
below can be fully appreciated. 

We may recall the fact that the energy 
furnished by a three-phase network, with 
a symmetrical three-phase voltage sys- 
tem, normally supplies a constant power 
flow in spite of the fact that in each indi- 
vidual phase the voltage and current 
change according to a sine wave. Power 
from a single-phase network, however, 
pulsates with twice the frequency of the 
induced voltage and current, which, as is 
well known, is an inherent characteristic 
of such systems. The instantaneous 
power demands of the two systems are not 
equal. Therefore, the supply of power 
from a network of commercial frequency 
to a single-phase railway system, necessi- 
tating conversion of energy from 60 to 25 
cycles, means the electrical coupling of 
two power systems, each of which has 
quite a different characteristic of its natu- 
ral flow of energy.’ 

Let us first analyze the power relation 
in case a three-phase single-phase motor 
generator set is used for coupling such sys- 
tems. The power absorbed by the motor 
from the three-phase 60-cycle system shall 
be assumed to be constant and is illus- 
trated by T in figure 1b. T is the sum- 
mation of the power furnished by each 
phase X, Y, W, of the three-phase system. 
The power demand of the single-phase 
network on the three-phase network is 
shown in figure 1 by curve S, which in case 
of a mechanical frequency changer will al- 
ways be active. In other words, in such 
a frequency changer no reactive power 
can be transmitted from one to the other 
system, and the same condition holds true 
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for a circuit as shown in figure 2. From 
figure la it can be seen that the single- 
phase energy S pulsates about a mean 
value T with a frequency equal to twice 
that of the frequency of the current 7 and 
voltage e of this system. The mean 
power of the single-phase system must be 
equal to T as the loads of the two ma- 
chines average the same over one cycle, 
but, as said above, are not the same at 
each instant of the cycle. It will there- 
fore be seen that during certain intervals 
(a), for instance, single-phase energy equal 
to the horizontal hatched area will have 
to be supplied from a source other than 
the three-phase system, while during the 
intervals (b), the same amount of energy 
has to be absorbed and stored in some way 
or other in order that the three-phase 
energy supply may be constant (equal to 
T). In other words an energy reservoir 
will be necessary to balance the available 
and required power. Curve S; shows, for 
a few cycles, the magnitude of. energy 
which has to be taken care of at each 
instant by certain means (accumulators) 
capable of absorbing and freeing energy. 

In the case of a motor generator set the 
rotating masses will automatically take 
care of the excess energy during period (6) 
and release it during period (a). How- 


ever, it must be realized that this will only 
take place if the speed varies or deviates 
from the mean value NV as shown in curve 
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Figure 1. Energy relation between three- 
phase, single-phase systems of frequency con- 
verters 
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n (figure la). In other words, during the 
interval (a), the speed of the rotating 
masses is being advanced, while during 
interval (b) the speed will decrease over 
the mean value JV. 

Therefore, a rotating frequency changer 
(motor generator set) is able, with its 
normally inherent rotating masses, to take 
care of the surplus, or lack, of energy as 
compared to the mean value 7, since the 
rotating masses permit storing and sup- 
plying energy. The three-phase motor 
will, therefore, draw constant energy from 
the 60-cycle network in spite of the pul- 
sating character of the single-phase load, 
but the speed will fluctuate slightly with 
the frequency of the pulsating single- 
phase load. 


The power supply for conversion of 
three-phase to single-phase current by 
means of an electrically controlled recti- 
fier-inverter is illustrated in figure 10. 
The power demand S oscillates at twice 
the single-phase frequency as above, 7 be- 
ing the mean value and S, the active and 
S, the reactive component of power de- 
mand from the single-phase supply. 
Both were taken to be equal, representing 
a power factor of approximately 0.7. In 
the case of a frequency changer using an 
electrically controlled rectifier-inverter, no 
inherent means are available to permit 
storing and releasing of power at the fre- 
quency impressed by the single-phase load 
characteristic. Therefore, with such 
equipment the power oscillations are 
transferred to the three-phase network, 
which will be loaded with currents depart- 
ing from sine waves and of frequencies 
foreign to the network frequency. This 
will result in an increase in reactive power, 
harmonics, and a negative component in 
the three-phase current system which will 
in turn affect the efficiency factor. 


The above condition can only be cor- 
rected if means are used to take care of the 
differences between the instantaneous 
power demands of the systems as is done 
inherently in the case of a mechanical fre- 
quency changer. Such energy-storing 
equipment can be built up using a battery 
of capacitors and reactors (a resonant cir- 
cuit). However, due to the fact that the 
intermediate d-c circuit of such an elec- 
tronic converter, see figures 3 and 4, has a 
superimposed alternating current of 360 
cycles (if a 6-phase electronic converter is 
used) and 720 cycles (if 12 phases are 
used), the smoothing or storing equipment 
may have to be of fairly high capacity. 
The use of capacitors and reactors form- 
ing a resonant circuit, even if of large 
capacity, introduces very little additional 
losses, as the energy can be kept oscillat- 
ing between capacitors and reactors, con- 
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Figure 2. Fundamental circuit diagram for an 
electronic frequency converter with inter- 
mediate d-c step 


suming very little power. In case it is 
found advisable that the single-phase 
power energy oscillations may partly be 
transmitted back to the three-phase 
system, in other words, if T may vary, 
then the capacity for the storing equip- 
ment (capacitors and reactors) becomes 
relatively small. However, due to the 
recent developments of static capacitors 
for power-factor-improving equipment, 
the cost of such storing equipment is no 
longer prohibitive, and enough capacity 
may be provided to obtain a constant 
energy flow from the three-phase network 
as shown by 7. 


Electronic Frequency Changer 
With Intermediate D-C Step 


FLEXIBLE INDIRECT 
COUPLING BETWEEN SYSTEMS 


The simplest method for effecting a 
flexible coupling of a-c systems of different 
frequencies by means of electronic recti- 
fiers and inverters is shown in figure 2. 
This system consists of a rectifier, a re- 
actor, and an inverter. Three functions 
are necessary: First, the a-c power of 60 
cycles is rectified into d-c power; second, 
the d-c power is inverted into 25-cycle 
single-phase power, and third, the differ- 
ence between the instantaneous power de- 
mand of the single-phase system and the 
three-phase supply has to be balanced by 
an energy accumulator, which may consist 
of areactor anda capacitor. The reactor 
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€1, €2, 3, C4, 5, 6, €1, etc., represent phase voltages of the 60-cycle six-phase system. 


OS Figure 3. Relation- 


ship between single- 
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voltage obtained 
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tem 
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and e2—, represent voltage waves of the 25-cycle single-phase full-wave system. @a represents 
the intermediate direct voltage of the rectifier inverter 


is inserted between the rectifier and in- 
verter, and takes care of the differences of 
the direct voltages es—1 and es-1, figure 3. 
The voltages es—; and e.-; refer to a six- 
phase rectifier system and a single-phase 
inverter system. For further data on 
rectifier and inverter operation, see bibliog- 
raphy.!%14,5,26 The above arrangement 
does not allow reactive power to be fed 
back to the three-phase system, and only 
active energy can be transferred from the 
three-phase to the single-phase network. 
The reactive power would therefore have 
to be taken care of by a static or a syn- 
chronous condenser connected to the 
single-phase system. 

The first two steps, namely, converting 
power from alternating current to direct 
current and from direct current to alter- 
nating current, have been done separately 
in many installations during the last few 
years and a great deal of experience was 
recently gained during extensive field as 
well as factory tests in connection with in- 
version of direct current to alternating 
current by means of grid-controlled recti- 
fiers.14:71,23 These tests have demon- 
strated that the flexibility between two 
a-c networks is fully maintained and no 
instability resulted no matter how large 
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THREE-PHASE SYSTEM—60 CYCLES 


SINGLE-PHASE SYSTEM— 25 CYCLES 


and sudden a change in frequency took 
place. 

It may therefore be realized that at this 
time a frequency-changing set of great 
reliability can be built by utilizing the ex- 
perience gained in some of the high-volt- 
age rectifier and inverter installations 
briefly referred to later on. 


Electronic Frequency Changer 
Without Intermediate D-C Step 


(a). FLEXIBLE OR RIGID 
Direct CoupPLiNG OF SYSTEMS 


The converter referred to above could 
be built up by using either single-anode 
or multianode tank rectifier and inverter; 
the one discussed below necessitates the 
single-anode tank arrangement. Figure 
4 shows the basic circuit diagram of such 
equipment, consisting of a transformer 
and 12 single-anode grid-controlled recti- 
fier-inverters; one set having their cath- 
odes and the other set their anodes con- 
nected to one side of the single-phase sys- 


016-4 


Figure 4 (left). Fun- 


tem. Each pair of tanks connected to the 
same secondary winding constitutes a 
switch, in other words they permit current 
to flow in either direction. Let us assume 
that the grids of tubes R; permit current 
to flow while all other anodes are blocked, 
then the transformer winding 1 is con- 
nected to the single-phase system. After 
a certain period this set of tubes is blocked 
and set R, is released, thus phase 2 of the 
transformer may supply current. After 
another period of time the next phase, 3, 
is brought into play, and then 4, 5, ete. 
Figure 5 shows the voltage of each phase, 
and below the are current which is com- 
mutated from each anode to the anode of 
the succeeding phase as the impressed 
alternating voltage of this phase becomes 
more positive than that of the phase 
carrying the arc. It would have to be 
arranged, therefore, that the grid-control 
equipment permits the flow of current ac- 
cording to the time interval #4, to t4. This 
results in sections of voltages e; to és being 
made available and joined to the heavy- 
line curve which becomes the voltage e, of 
the single-phase system. The flow of cur- 
rent through the individual tubes can be 
seen from the second curve of figure 5 for 
the case where the single-phase voltage 
and current are in phase. 

The frequency ratio between e; to es and 
és as shown in figure 5, upper curve, is 
about 3:1. However, as can be seen from 
the voltage curves below, any frequency 
ratio may be obtained, as any number of 
sections €; to és, or e to e+e, or e to 
ésteiteés, etc., of the transformer phase 
voltages can be built up to produce the 
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gram of an electronic 
frequency converter 


Figure 5 (right). 
Formation of single- 
phase voltage and 
current waves for dif- 
ferent frequency 
ratios in an elec- 
tronic frequency 
converter 


Marti—Network Coupling 


Ra4lR5|Re/Ri 


Is 


y es 
les ey <4 


TRANSACTIONS 497 


25 CYCLE 
LEAS 


34561234 


123456 2 
24 CYCLE a 


desired single-phase voltage e,. A further 
consideration of these curves will show 
also that a change in the frequency of the 
three-phase voltage still permits obtaining 
a constant single-phase frequency. The 
flexibility of this type of frequency 
changer with electronic equipment will be 
analyzed still further below using figure 6. 

As is well known the firing of the anodes 
can be controlled by means of grids in such 
rectifier tubes and therefore the voltage 
curve é, in figure 5 could be made to re- 
semble more closely a sine wave by retard- 
ing or accelerating the firing of some of the 
anodes. 

The scheme** of employing a trans- 
former with a modified secondary winding 
(see figure 4, system 1’, 2’, 3’, 4’, 5’, 6’) 
cannot be used unless the ratio of the fre- 
quencies is for instance 3:1, as is the case 
in Europe between the conventional 50- 
cycle power and the 16?/3-cycle railway 
systems. Furthermore, this permits only 
a rigid coupling between the two systems. 
For these reasons no further consideration 
will be given to these methods in this 
paper. 

Analyzing still further the arrangement 
shown in figure 4 of frequency conver- 
sion, it is quite apparent that this type of 
equipment and others which will be dis- 
cussed later do provide a completely flex- 
ible coupling between two systems. For 
the sake of brevity no detailed considera- 
tion is given in this discussion to the sub- 
ject of commutation between sections of a 
rectifier system nor to the influence upon 
commutation in case a potential is im- 
pressed upon the single-phase system by 
other converters. However, an analysis 
of conditions caused by various ratios of 
the three-phase to single-phase frequen- 
cies is given below for purpose of deter- 
mining the duty imposed upon the indi- 
vidual anodes. 

Part a of figure 6 shows the condition 
existing when the frequency ratio is 60 
to 25. The commutation of current be- 
tween the two rectifier systems can be 
effected at any instant by means of the 
grid-control equipment. 
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Figure 6. Diagram 
showing the firing of 
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frequency ratios in 
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frequency converter 


Part b illustrates the condition when the 
frequency ratio is 60 to 30. Here we see 
that each of the six anodes fires only once 
during the active period of either system; 
further, we also see that the same anodes 
bear the entire burden of each commuta- 
tion, and each of the others always carried 
the current during the same part of the 
active cycle of itssystem. From this it is 
obvious that the duty on the anodes with- 
in one of the systems cannot be equally 
distributed, and the anode subjected to 
the most severe duty will govern the rat- 
ing of the rectifier. 

Part c indicates the relationship exist- 
ing when the frequency ratio is 60 to 24. 
Conditions in this instance are more favor- 
able than for the ratio of 60 to 30, but it 
does have some undesirable characteris- 
tics. Investigation shows that the bur- 
den of commutation is now divided 
equally among four of the six anodes em- 
ployed in each system, and although this 
does limit the capacity of the rectifier to 
some value less than it would have if used 
only for rectification, the reduction in this 
case is less than for the frequency ratio of 
60 to 30. 

From the above discussion of the un- 
usual frequency ratios it may at first ap- 
pear that the ratio of 60 to 25 is very near 
to the undesirable condition of loading of 
anodes encountered when it approaches 
60 to 24. However, before drawing defi- 
nite conclusions it might be well to recall 
the reason for developing such apparatus; 
that the coupling be entirely flexible, that 
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is, that the frequency ratio may be a vari- 
able. With this in mind let us consider 
what determines the frequency of the two 
systems; in the case of the three-phase 
system it is without exception dependent 
upon the speed of the prime movers driv- 
ing the generators, while the single-phase 
system may or may not include rotating 
equipment, The three-phase systems are 
well known to maintain a constant fre- 
quency; on the other hand, traction sys- 
tems do allow relatively large variations, 
the reason being that if compared to the 
supply capacity, great power demand 
fluctuation occurs. In the case where no 
rotating equipment is supplying energy to 
the single-phase system, its frequency will 
be a function not only of the active power 
requirements, but also of the reactive 
power demand as well. In either case, 
the single-phase frequency is subject to 
relatively wide fluctuations. 

The fact that the frequency ratio is a 
variable eliminates the possibility that the 
unit will be subject to sustained undesir- 
able operating conditions. 

Furthermore, from part 6 of figure 6 it 
may be concluded that the conversion of 
power from a 50-cycle to a 162/5-cycle sys- 
tem (3:1) does not provide a favorable 
utilization of the rectifier-inverter and it 
may be concluded from the above con- 
sideration that more favorable operation 
may be obtained when 60-cycle power is 
converted into 25-cycle power, since the 
anodes are subjected to a lower duty dur- 
ing commutation. 
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Figure 7 shows the diagram of connec- 
tions of such a type of frequency changer 
with the electronic converters and the 
three-phase and single-phase transform- 
ers. This system has, however, a serious 
inherent disadvantage—namely, the 
coupling is not flexible and therefore any 


change in frequency on one system will 


automatically affect the frequency of the’ 


other. However, in spite of this draw- 
back such equipment has been installed to 
supply a small railroad with 16%/;-cycle 
current. The set is rated 3,600 kva con- 
tinuous load, 2,520 kw (power factor 0.7) 
4,000 kva one-half hour, and 6,000 kva, 
one minute, and has been in commercial 
operation since December 1936. The 
unit furnished the entire load for over a 
year for this branch railroad which was up 
to then supplied by means of two motor 
generator sets, each rated 2,100 kva. 
Therefore, these two motor generator sets 


were used only for standby units, but it 


was contemplated to have one working in 
parallel with the static frequency changer 
as soon as this method of conversion has 
proved satisfactory and could then be re- 
connected in such a way that it could work 
in parallel with any other converter, 
whether of the mechanical or another elec- 
tronic type. The original setup as indi- 
cated above was such that the frequency 
of the single-phase output was a function 
of the frequency of the three-phase supply 
system. In other words, the coupling of 
this system as originally used was not flex- 
ible and parallel operation of different 
units could not be accomplished without 
using a connection similar to the one 
which will be explained below. The fre- 
quency changer was supplied by a 45-kv 
50-cycle transmission line, and therefore 
the rectifier transformer was provided 
with a 45-kv delta primary winding. The 
voltage of the intermediate d-c system of 
the frequency changer was chosen at 2,000 
volts and does not depend upon the volt- 
age of either the three-phase or the single- 
phase network.®,17.18,19,20 

The grid control of this unit is such that 
a slight inaccuracy in the adjustment of 
the firing period may make the unit com- 
pletely inoperative. Furthermore, this 
method of frequency changing is very lim- 
ited, as stated before, as it does not pro- 
vide a flexible coupling, produces an un- 
equal loading of the anodes, and necessi- 
tates a tank with an abnormal number of 
anodes. The advantages which may be 
stressed are long firing time of the anodes, 
and the possibility of furnishing wattless 
power from one network to the other. 

Two things, however, were definitely 
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demonstrated by the installation of this 
type of static frequency changer, namely, 
that it requires less space and has less 
weight, both of which reduce the cost of 
the building and foundations. Further- 
more, the efficiency at light load was con- 
siderably higher than the one which could 
be obtained with a mechanical converter. 

It may be mentioned that right from 
the beginning considerable difficulties 
were experienced due to the fact that the 
communication systems were exposed to 
the trolley, as well as feeder system, both 
of which showed considerable current and 
voltage wave distortion from the rectifier- 
inverter. This situation was corrected by 
means of filters. Further on will be out- 
lined some schemes and methods which 
may be employed in order that the induc- 
tive co-ordination of power and telephone 
systems may be obtained for large instal- 
lations of static frequency changers with- 
out using filters. 


(c). FLExIsLe INDIRECT 
COUPLING BETWEEN SYSTEMS 


The static frequency changer discussed 
below has recently been perfected and is 
based on a somewhat different principle 
than the arrangements described above. 
It attracted considerable attention among 
European engineers, especially due to the 
fact that it permits flexible coupling of 
two a-c systems of any frequency, without 
appreciable distortion of the current and 
voltage waves. Such a _ frequency 
changer was recently put in commercial 
operation for coupling an a-c three-phase 
50-cycle system with a single-phase 16?/;- 
cycle trolley system, converting as much 
as 3,000 kw. A similar electronic con- 
verter has been placed in operation, of a 
capacity of 1,600 kw, coupling a 50-cycle 
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Figure 8. Simplified circuit diagram for 
demonstrating flexibility of electronic fre- 
quency converter 
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three-phase system with another three- 
phase system which has a frequency of 42 
cycles. Both installations have already 
given several thousand hours of satisfac- 
tory service.® 10,24 

Let us therefore describe this system 
more fully by means of a simplified cir- 
cuit, figure 8. This circuit may have no 
practical value, but will permit ready 
analysis of all the phenomena with which 
we shall be concerned. 


The scheme represented in figure 8 com- 
prises two a-c synchronous generators, 
G, and G:, feeding a two-winding d-c 
motor (M) through a connection without 
appreciable resistance and through recti- 
fier tubes Rj, R2, each tube being equipped 
with control grids. Neglecting the volt- 
age drop in the connections and in the 
rectifier, the generator, let us say, induces 
a voltage E somewhat higher than the 
back electromotive force of the motor. 
Energy will then flow from the generator 
to the motor if the grids are energized so 
that the anodes of the rectifiers are per- 
mitted to carry current. Let us assume 
that one electric valve, Ro, is blocked and 
therefore current will flow only through 
the left-hand winding of the motor, bring- 
ing it up to speed in the direction indi- 
cated by the heavy arrow. The motor 
will operate in this direction as long as 
current J; produced by generator G, can 
flow through R;. Ata certain instant of 
time the grids of rectifier valve R, are 
negatively energized by the auxiliary grid 
equipment, current J; is prevented from 
flowing, and the motor comes to a stop, 
see figure 8. However, at the same time 
the grids of R, are de-energized and since 
generator G2 impresses a potential Ho, cur- 
rent J, will flow through the right-hand 
winding of motor M and bring this 
motor up to speed; however, in the oppo- 
site direction. It can therefore be seen 
that by impressing a negative potential on 
grids of rectifier R, and then on grids of 
rectifier R», this motor will reverse at a 
frequency equal to the frequency of the 
voltage applied to the grids of these two 
rectifier valves. The frequency of the re- 
versal of motor M is independent of the 
frequency of generators G; and Gy—in 
other words, independent of the frequency 
of the voltage applied to the anodes of 
rectifiers R,; and R). Further, it can be 
seen that the frequency of reversal of 
motor M is independent of the frequencies 
of generators G; and G; whether these 
generator frequencies are the same or not. 

Let us now apply the above reasoning 
by following the circuit of figure 9, and we 
shall find that with a simple control device 
for energizing the grids, power of a 60- 
cycle frequency can be converted into 
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single-phase energy of 25-cycle frequency 
if the grids of the anodes of the left-hand 
unit and those of the right-hand unit are 
energized consecutively with potentials of 
opposite polarity. The reversal fre- 
quency of the grid potentials would have 
to be equal to the frequency of the single- 
phase output, namely, 25 cycles. In this 
arrangement, however, instead of a rever- 
sal of direction of rotation, a reversal of 
voltage on the primary of the single-phase 
transformer takes place, which is at the 
rate of 25 cycles if the grids are controlled 
from the single-phase 25-cycle network. 
A more specific arrangement of the grid 
control is shown on the left-hand side of 
figure 9. The potential of the grids is 
controlled by three mechanical contacting 
devices m, m, and mp, and is supplied by 
a battery. The devices m, and m2 which 
are driven in synchronism with the fre- 
quency of the three-phase system there- 
fore energize the grids at the. same fre- 
quency as the anodes of each group, S; 
and S», of the rectifier-inverter. How- 
ever, contactor m supplies the battery 
potential to each of the contactors m; and 
Mp», or, in turn, to each group of anodes S; 
and 5S, according to the speed of motor 
M;. This motor, as can be seen, is 
driven from the 25-cycle system and, if of 
the synchronous type, will energize the 
grids of each group negatively through 
the battery and contactor segment m once 
during each revolution or, if a two-pole 
motor is used, at the frequency of 25 
cycles. If the frequency of the single- 
phase system changes, then the speed of 


Figure 9. Circuit diagram of electronic fre- 
quency converter showing mechanical grid- 
control equipment 
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rotation of contactor m changes, and ac- 
cordingly the interval during which the 
brush is in contact with the segment. 
The groups S; and S, may therefore fur- 
nish current for shorter or longer intervals 
which will be reflected in the frequency of 
the energy transferred to the single-phase 
system. Therefore, the frequency of the 
energy transferred to the primary winding 
of the single-phase transformer from the 
three-phase network follows the frequency 
of the impulses of the contactor m, and 
since this device is driven by a synchro- 
nous motor Me, energized by the single- 
phase system, it follows the frequency 
changes of this system. A completely 
flexible coupling of the two systems is 
therefore effected. 

The same results can be obtained by 
using electronic instead of mechanical con- 
trol equipment, see figure 10. Compar- 
ing this with the mechanical control 
shown in figure 9, the circuit of the elec- 
tronic control can easily be analyzed. A 
12-anode rectifier with electrically con- 
trolled grids is connected to the secondary 
windings of a 60-cycle transformer. The 
energy-storing equipment comprises a re- 
actor and a battery of capacitors. The 
control devices consist of grid-controlled 
tubes and 60- and 25-cycle auxiliary trans- 
formers. 


Relative Advantages and 
Disadvantages of Different 
Methods of Frequency Changing 


The discussion below will deal espe- 
cially with the system shown in figure 10, 
or similar ones, and only touch lightly on 
other methods of frequency changing. 

From the foregoing it could be seen that 
the system as shown in figure 2 with an 
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intermediate d-c step does not make it 
possible for the three-phase network to 
take care of the reactive power of the 
single-phase trolley system. Synchro- 
nous or static condensers would have to be 
connected to the trolley system, see figure 
2, or then the reactive power would have 
to be furnished by rotating converters 
connected in parallel with the electronic 


converters. Furthermore, in order to ob- 


_tain successful operation, a reactor has to 


be connected into the d-c link for reasons 
given in the second section of this paper. 
This method, however, permits transfer- 
ring energy in either direction and may 
show some additional advantages after 
more experience has been obtained with 
d-c transmission of power. Furthermore, 
this method provides a completely flexible 
link between the two systems, has a high 
conversion efficiency (since a high inter- 
mediate direct voltage can be chosen mak- 
ing the arc losses negligible), and possesses 
effective regulation and protective fea- 
tures by means of energized grids. 

Such systems for conversion of three- 
phase power into direct current and back 
into another three-phase system have 
been operating in the United States and 
Europe for many years. These systems 
make use of intermediate direct voltages 
of 3,000, 15,000, and up to 48,000 volts, 
respectively.1471,23,7 Although these 
systems are three-phase to three-phase 
conversions, still they deserve careful 
study when considering new frequency- 
changing equipment for railroad electri- 
fication. 


Figure 10. Circuit diagram of electronic fre- 
quency converter showing static electronic 
grid-control equipment 
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The direct-coupled system (no inter- 
mediate step), although it can be made 
flexible, did not receive much attention in 
the initial tests nor was such equipment 
installed on some of the European railway 
systems. The output voltage for the rec- 
tifiers is determined by the trolley voltage 
and will therefore be fairly high for all 
existing electrified 162/;- or 25- -cycle lines, 
and the anodes of this rectifier as well as 
of the inverter are subjected to a high 
commutation voltage. 

The indirect-coupled systems permit 
the selection of the most suitable rectifier- 
inverter voltage in order to utilize the an- 
odes to the fullest degree as the single- 
phase transformer ratio can be chosen ac- 
cordingly. Both methods, shown in fig- 
ures 7 and 10, have been utilized and are 
therefore given further consideration be- 
low. The investigations were made based 
on a set for 5,000 kw, a power factor of 70 
per cent, and conversion of power from 60 
to 25 cycles at conventional alternating 
voltages. The rating of 5,000 kw for the 
electronic converter sets was chosen in 
order to be in line with the rating of the 
present single-phase feeder transformers 
as used on one of the main electrified lines. 
Both sets are static and permit the same 
ease of starting, and may therefore be ap- 
plied in the same way in connection with 
electrified lines. 

The rectifier-inverter tanks consist of 
several anodes equipped with energized 
grids and their necessary control devices. 
The first method of this kind, see figure 7, 
necessitates an abnormal number of an- 
odes per tank and an exceedingly accurate 
control device. Furthermore, the trans- 
former connections are quite abnormal 
and require a relatively complicated de- 
sign. The other indirect-coupled system 
makes use of normal rectifier-inverter 
tanks with grids, a 60-cycle three-phase 
transformer with double six-phase second- 
ary, and interphase transformers, both 
being of the same types as used in stand- 
ard rectifier installations, and a 25-cycle 
transformer, single-phase with mid tap. 

It can therefore be realized that this 
last-mentioned system deserves careful 
consideration. However, some of the 
main characteristics of both these indi- 
rect-coupled systems will be discussed be- 
low. Since most of these systems are 
flexible they have to be compared with 
motor generator sets which permit elastic 
coupling of two networks. 


VOLTAGE REGULATION 


From figure 11a it can be seen that the 
voltage regulation is similar to the regula- 
tion of a standard transformer. Curve 3 
shows the regulation of a transformer, and 
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Figure 11. Performance characteristics of a 
typical electronic frequency converter of 
5,000-kw rating compared with a transformer 
and flexible rotating converter of equal rating 


curve 1 that of a 5,000-kw frequency 
changer, while curve 2 gives. the voltage 
regulation of a motor generator set. It 
may be pointed out, however, that should 
this voltage drop, of about seven per cent 
at full load, be objectionable, a curve simi- 
lar to number 2 could be obtained by 
means of additional grid-control devices, 
as shown in figure 10. This voltage regu- 
lation is naturally due to the drop in both 
of the transformers, in the reactors, and 
the arc drop of the rectifier-inverter. As 
pointed out above, the voltage of the 
intermediate system can be chosen inde- 
pendently of the voltage of the a-c sys- 
tems, and therefore if chosen at 2,500 
volts, for instance, the regulation due to 
the rectifier-inverter arc drop would only 
amount to about one per cent at 5,000- 
kw load. 

It may be pointed out that the voltage 
regulation of such a frequency changer is 
not affected by fluctuations of frequency 
nor by the phase relation between the 
voltages of the two networks, as is the 
case, for instance, in a synchronous motor 
generator set. 


EFFICIENCY 


Not only is the efficiency of such a set 
higher at full load compared to a motor 
generator set, but it becomes relatively 
higher at lower loads. From figure 11) 
the efficiency of such a unit, curve 1, can 
be compared with the efficiency of a motor 
generator set, curve 2, as well as with that 
of a transformer, curve 3. The are drop 
of the rectifier-inverter is very low and 
therefore the efficiency of such a fre- 
quency changer is also practically the 
same as that of a transformer, which can 
couple two networks of different voltages, 
but naturally cannot couple two net- 
works of different frequencies. 

It may be mentioned here that efficiency 
measurements on some of the actual 
installations to which reference was made 
previously reached as high as 93 per cent 
at full load. Curve 2 refers to a motor 
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generator set of a design which permits 
flexible coupling of the two systems. 

Due to the fact that in the installations | 
referred to above the load factor is rela- 
tively low, about 25 per cent, the average 
difference in efficiencies between the 
motor generator set and the rectifier- 
inverter amounts to about 15 per cent. 
In other words, the losses are reduced very 
appreciably by this new type of converter. 
This, as pointed out above, is mostly due 
to the fact that the efficiency of such a 
type of frequency changer maintains a 
very high value, even at low loads. 


POWER FACTOR 


A certain amount of wattless power has 
to be supplied by an external source to a 
frequency changer of the electronic type. 
This is required for the magnetization of 
the transformers and partly also on ac- 
count of the phase displacement existing 
between the voltage and the current in 
this type of equipment, especially if grid 
voltage controlis employed. In case of a 
system as shown in figure 7, if the energy- 
storing equipment is omitted, the power 
factor would probably only amount to 
about 60 percent. In other words, a very 
high component of wattless energy would 
have to be furnished from the a-c supply 
system. However, with an arrangement 
such as shown in figure 10, a power factor 
of as high as 95 per cent can be obtained. 
Analysis shows that economically it will 
be feasible to equip such a set with an 
energy-storing equipment. However, it 
may be pointed out that in case the ca- 
pacitors should fail for any reason, the fre- 
quency changer would not be affected in 
its operation. However, it would then 
adversely affect the three-phase system, 
by drawing additional wattless power, 
and causing an unbalance of the three- 
phase system. 


PROTECTIVE EQUIPMENT 


In all considerations referred to above, 
reference was made repeatedly to grid- 
control equipment in connection with 
regulating the valve action of the rectifier 
and inverter, as well as regulating the 
voltage. It may be pointed out, however, 
that the grids may be used for another 
purpose also, namely, to protect the 
equipment in case of abnormal operating 
conditions and disturbances on the line as 
well as short circuits and backfires.” 
Extensive tests in many installations have 
proved that the electrically energized 
grids are able to interrupt the current flow 
in a tank such as proposed for the above 
frequency-changer set. The equipment 
required for this purpose consists of rela- 
tively inexpensive devices which permit 
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energizing the grids of the inverter with a 
negative potential in case of sudden dis- 
turbances. Recent tests have shown that 
this time can be confined to less than one- 
sixth of a cycle. Naturally this equip- 
ment will not eliminate breakers com- 
pletely but may make it possible to use 
switching devices of lower rating. 


FEEDER AND TROLLEY VOLTAGES 


It can easily be realized that since any 
ratio between primary and secondary 
voltage on both transformers can be 
chosen, no additional equipment will be 
necessary in case the single-phase 25- 
cycle system would require a higher volt- 
age than commonly used. In the case of 
a motor generator set, it would probably 
not be advisable to generate directly a 
voltage of 25,000 volts or higher, but in- 
stead a transformer could advantageously 
be connected between the single-phase 
generator and the trolley system. 


SPACE REQUIREMENTS 


Present installations have shown that a 
considerable saving in space can be ob- 
tained with this type of frequency 
changer. Furthermore, the cost of 
foundations and building can be greatly 
reduced, similarly as in any mercury-arc- 
rectifier installation. 


FLEXIBILITY OF A STATIC 
FREQUENCY-CHANGER SET 


As pointed out repeatedly, a set as 
shown in figure 10 can operate without 
losing its stability even in case of severe 
frequency variations on either of the two 
systems, or during heavy load swings. 


TELEPHONE INTERFERENCE 


As mentioned in the introduction, the 
installation of one of these frequency 
changers caused relatively serious dis- 
turbances in the adjacent telephone lines. 
However, it must be realized that this in- 
stallation was fed from a relatively small 
power source, and therefore the wave- 
shape distortions due to the rectifiers were 
transferred to the a-c networks without 
appreciable diminution. For large rail- 
way systems, where many units would be 
used, it may be possible to take care of 
this situation by establishing such phase 
relations between the different units that 
a multiple-phase system could be ob- 
tained, as was done in one of the largest 
rectifier plants recently installed in this 
country.?? 


Conclusion 


It can thus be seen that there are sev- 
eral methods which permit coupling of 


502 TRANSACTIONS 


networks of different frequencies with 
static electronic devices. The first sys- 
tem, using an intermediate d-c step, has a 
considerable drawback in that no wattless 
power can be transmitted from one sys- 
tem to another. However, it has proved 
very successful for coupling three-phase 
networks. 

The direct-coupled system, although it 
does not have the above-mentioned dis- 
advantage, necessitates that the output 
voltage of the rectifier-inverter be equal 
to the single-phase voltage and requires 
that single-anode rectifiers be used. 

The indirect-coupled system, on the 
other hand, permits choosing any output 
voltage for the rectifier-inverter, allows 
the exchange of wattless power from one 
system to another, and permits full flex- 
ible coupling. The methods used in 
Europe, necessitate a 3:1 ratio between 
frequencies, and cannot be applied to the 
electrified railway systems in the United 
States where frequency conversion from 
60 to 25 cycles, or a 2.4:1 ratio is neces- 
sary. However, the conversion of fre- 
quencies, as is necessary in this country, 
may subject the anodes of the rectifier- 
inverter to a more favorable load cycle 
than in case of the frequency ratios re- 
quired in Europe. 

In order to give a proper comparison 
between the characteristics of these con- 
verters of the electronic type with those 
of the rotating converters at present used, 
a rating of 5,000 kw was selected for ready 
reference. 

It could be seen from the foregoing that 
the main advantages of an electronic fre- 
quency changer are high efficiency, very 
simple operation, no necessity for special 
starting equipment or high starting load, 
instantaneous starting up of the equip- 
ment, small weight of the equipment, 
especially of the control equipment, which 
reduces costs for housing and foundation. 

The disadvantage of such converters, in 
so far as can be seen at present, is the dis- 
tortion caused by them on the three-phase 
supply network, unless somewhat large 
and costly energy-storing devices are em- 
ployed. 

It may also be pointed out that the 
present installations referred to should 
make it possible to develop in the future 
frequency changers of this type for very 
large capacities which may also become a 
very useful means for the conversion of 
power for present electrified systems now 
using 60-to-25-cycle motor-generator con- 
verters. 
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~ Circuit Interruption by Air Blast 
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Synopsis: By using the prestored energy of 
compressed air for the twofold function of 
circuit interruption and circuit-breaker 
operation, a new and original oilless circuit 
interrupter has been evolved. This air- 
blast circuit breaker has a guillotine-like arc- 
interrupting characteristic and can be made 
practically immune to the adverse effects of 
circuit recovery voltage. 

The historical background of oilless circuit 
breakers is discussed with particular refer- 
ence to European designs. The electrical 
and mechanical design of air-blast circuit 
breakers for indoor use and the factors af- 
fecting that design, are described in some 
detail. 


N VIEW of the desire to eliminate oil 

in electrical apparatus evidenced by 
the electrical power industry, research 
activities conducted during the past dec- 
ade have been directed toward the de- 
velopment of a satisfactory current-inter- 
rupting principle, not involving the use of 
oil, but capable of application over the 
same ranges of current, voltage, and inter- 
rupting-capacity steps as the oil circuit 
breaker. 


Fundamental Requirements 


It has been recognized that to be ac- 
ceptable to American power engineers, it 
is essential that any oilless circuit breaker 
must be compact, simple in operation, re- 
liable, economical, and easily adaptable to 
the various forms of circuit connection 
and mounting at present obtaining for the 
oil circuit breaker. In addition, the de- 
sirability of obtaining an increase in inter- 
rupting efficiency has been recognized. 


Development of Air-Blast Breaker 


It is economically advisable and ex- 
pedient that American manufacturers 
should avail themselves wherever possible 
of the operating experience and evolution- 
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ary test data appertaining to successful 
European designs, for, by so doing, much 
development time and expense can be 
eliminated, resulting in ultimate savings 
to the user. This procedure has been 
followed in the case of the air-blast 
breaker here described, thereby resulting 


Type AB indoor air-blast circuit 
breaker, 1,200 amperes, 15,000 volts, 500,- 
000-kya interrupting capacity having active 
operating parts enclosed 


Figure 1. 


in an initial American design from which 
outstanding reliability of operation has 
been obtained. A typical indoor air-blast 
circuit breaker of American manufacture 
is shown in figure 1. 
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Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 
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European air-blast circuit breakers, of 
both axial and cross-blast designs, have 
been found to be subject to certain limita- 
tions so far as their ability to interrupt 
high currents is concerned. In addition, 
these limitations are aggravated when 
high rates of recovery voltage obtain. 

In view of the mechanical advantages 
and operating experience of a certain 
European design, it was thought desirable 
to so improve the design of the interrupt- 
ing chamber as to increase the maximum 
interrupting current ability of the breaker 
to the point where it would be adequate 
for use on American power systems. To 
this end, considerable laboratory research 
was conducted. 

In the typical European type of axial 
air-blast breaker interrupting chamber, 
the compressed air approaches an orifice 
through a converging port, and exhausts 
through a diverging throat. In many 
European designs, too, the interrupting 
contact is a part of the isolating contact. 
This arrangement makes for inefficiency 
of the interrupting air blast as will be 
shown later in the paper. 

As the result of extensive research, it 
was found that the arrangement of inter- 
rupting chamber shown in figure 2 has a 
greater interrupting efficiency, particu- 
larly at high currents, than the European 
type of converging-diverging chamber. 

It will be noted from figure 2 that the 
American development incorporates a 
structure having parallel walls. Re- 
design of the cooling chamber to obtain 
increased air velocity, and the introduc- 
tion of concentric metallic cylinders with- 
in the arcing chamber, produced further 
improvement. Main current-carrying 
contacts, as distinct from the arcing con- 
tacts, were also added. 


Operating Characteristics 


The design here described capitalizes on 
the mechanical operating experience and 
reliability of the European design and, 
using the prestored energy of compressed 
air for both circuit-breaker operation and 
circuit interruption, produces a practically 
constant circuit-interrupting character- 
istic, with the result that arcing times of 
one-half cycle or less are consistently pro- 
duced throughout the interrupting range 
of any particular breaker, as shown in fig- 
ure 3. The typical interrupting test os- 
cillogram, shown in figure 4, shows the 
short arcing time obtained with this de- 
sign. 

As a consequence of the short arcing 
time, contact burning is very low and 
many repetitive operations can be made 
without contact renewal. 
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It has also been found that the inter- 
rupting action can be so controlled as to 
be independent of system characteristics, 
since it is possible to control the rate of 
rise of recovery voltage across the inter- 
rupting contacts immediately following 
arc interruption by means of the auto- 
matic insertion of resistors which prevent 
the occurrence of high-frequency tran- 
sients and reduce the instantaneous values 
of generator electromotive force appear- 
ing at the moment of arc interruption. 


Axial-Blast Application 


Tests have proved that when using an 
axial-blast form of interrupting chamber, 
there is an optimum distance of break be- 
tween the arcing contacts which produces 
a maximum interrupting effect. Figure 5 
shows the relationship between megavolt- 
amperes interrupted and arcing-contact 
separation, with air pressure and port area 
constant. Obviously, it is desirable that 
in any air-blast circuit-breaker design, the 
arcing contact separation should be that 
which provides maximum interrupting 
efficiency. 


Separation of Interrupting 
and Isolating Functions 


It is evident that, since in indoor air- 
blast circuit breakers the maximum inter- 
rupting efficiency is achieved with a short 
arcing-contact separation of only one-half 
inch, considerations of circuit isolation re- 
quire a co-operating disconnecting means. 
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Figure 2. Typical air-blast interrupting cham- 
ber—American design 
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This necessitates an initial arcing contact 
break sufficient for the maximum inter- 
rupting efficiency, immediately followed 
by an appropriate isolation break, in 
series, opening under no-load conditions. 


Figure 3. Graphi- 
cal representation of 
interrupting-test data 
showing arcing time 
in tenths of cycles 


ARCING TIME (TENTHS OF CYCLES) 


The use of an independent interrupting 
contact also permits a very speedy open- 
ing of the arcing contacts during interrup- 
tion, since the inertia of these contacts is 
relatively negligible when compared with 
the energy available in the compressed 
air. The isolating means takes the form 
of a disconnect switch, and is operated by 
the same pneumatic energy that opens 
the interrupting contacts and interrupts 
the circuit. 

Compressed air used for operation of 
the contacts constitutes a pneumatic co- 
ordinating device which acts as a posi- 
tively functioning mechanical interlock of 
unlimited flexibility. The relative diame- 
ter and volume of the operating devices, 
and of the air ducts leading to them, pro- 
vide a superior timing means with which 
to insure proper sequential operation. 


CLOSING CAPABILITIES 


Completion of the circuit through the 
breaker during closing, is achieved by 
means of the closing of the disconnecting 
or isolating contacts only, since, except 
during the interrupting process, the arcing 
contacts are held closed by the action of 
heavy springs. 

Actual contact, during closing, is made 
between the movable disconnecting or 
isolating blade contact and a laminated 
wedge-type stationary contact. Burn- 
ing, during closing, is very slight. Even 
when closing against currents of 140,000 
rms amperes and above, there were only 
slight evidences of scorching or pitting. 

The reason for the low contact-burning 
characteristics of the air-blast breaker 
during closing is in the very high speed of 
closing obtained. In order to burn a 
given quantity of contact material a defi- 
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nite amount of energy is required. Since 
time is a factor in the energy equation, 
and since, due to the high closing speed, 
the period of arcing during closing is ex- 
tremely short, the breaker can be closed 
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against very high currents without appre- 
ciable damaging effects, and with prac- 
tically no heating or pitting of the con- 
tacts. Itis especially to be noted that no 
blast of air on the contacts is required dur- 
ing the closing operation. 

Separation of the interrupting and clos- 
ing functions between two sets of contacts 
divides the contact deterioration conse- 
quent upon these functions; thereby 
lengthening the over-all contact life of the 
breaker. 


TRIP-FREE INTERRUPTING CONTACTS 


As in the air-blast breaker the inter- 
rupting contact is free to move independ- 
ently of, but co-operatively with the iso- 
lating or disconnecting means, it is essen- 
tially trip free in its position and relation 
to the disconnecting contacts. This fact 
is of great advantage, especially in the 
higher-voltage outdoor breakers where ex- 
tremely rapid interrupting and reclosing 
times are required, 


Breaker Arrangement 


A typical design of indoor air-blast 
breaker is illustrated in figures 6 and 7. 
A compressed air tank (1), fitted with a 
main air blast valve (2), forms the foun- 
dation on which the active parts of the 
breaker are mounted. The arcing cham- 
bers (3) and disconnect movable members 
(5) are supported by hollow insulator col- 
umns attached to the tank assembly. 
The arcing chambers exhaust into cylin- 
drical mufflers. Operation of the discon- 
nects is achieved through insulated link 
(6) and shaft (7), connected to air pistons 
(8) and (9). Valves (10) and (11) control 
the air supply. 
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Figure 4. Type AB air-blast-circuit-breaker 
interrupting-test oscillogram 


CO operation at 192,000 kva at 11 kv inter- 
rupted by a breaker having a 250,000-kva 
interrupting rating 


Operation 


OPENING 


When opening, electrical or manual ac- 
tuation of control valve (11) results in 
opening of the air-blast valve (2), admit- 
ting air at 135 pounds or 215 pounds per 
square inch gauge pressure into the inter- 
rupting chambers. 

Movable arcing contact (14), normally 
held closed by the action of heavy springs, 
is attached to a piston. As air pressure 
builds up within the interrupting cham- 
ber, the piston is depressed, withdrawing 
contact (14) the required distance away 
from the stationary arcing contact and 
air-blast orifice (13), drawing an arc be- 
tween the contacts. As the tubular sta- 
tionary contact is the only outlet for the 
compressed air, a blast of high-velocity air 
is simultaneously impelled across the int- 
tial arcing zone, resulting in limitation of 
arc-energy release and preventing reigni- 
tion after the first current zero. 

Simultaneously with the admission of 
air to the interrupting chamber, air pres- 
sure is applied to piston (9) resulting in 
opening of the disconnect contacts (5), un- 
der no load, as soon as arc interruption is 
complete. 

Immediately the disconnecting contacts 
open, an auxiliary contact interrupts the 
circuit to valve (11), closing the valve. 
This cuts off the air supply to valve (2) 
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and permits the air remaining on the re- 
verse side of this valve to escape. The 
main valve then closes under the influence 
of a heavy spring and the pressure of air 
remaining in the tank; pressure in the 
arcing chamber falls and results in reclos- 
ing of the arcing contact due to spring 
pressure. 

The air required for arc interruption 
causes pressure in the breaker air tank to 
fall. Since the tank is permanently con- 
nected to a compressed air storage system, 
the supply of air within the tank is quickly 
replenished. 


CLOSING 


When closing, electrical or manual actu- 
ation of control valve (10) causes com- 
pressed air to be admitted to the closing 


Figure 5. Relation 
between _ interrupt- 
ing-contact separa- 


tion and interrupting 
ability in megavolt- 
amperes 


MEGAVOLT*AMPERES 


Circles—Effective 
interruption 
Crosses—Interrup- 
tion with remnant arc 
(Air pressure and a = a 
port area constant) 


cylinder (8), resulting in the closing of the 
disconnecting switches. As the arcing 
contacts are already held closed, the clos- 
ing of the disconnecting switches com- 
pletes the circuit. 
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A simple mechanical interlock insures 
that all switching operations, once initi- 
ated, will be carried to completion. A 
mechanical trip-free device permits im- 
mediate reopening of the disconnecting 
switches in the event of their being closed 
against short circuits, even though air 
pressure may still be exerted upon closing 
piston (8). 


RELIABILITY OF OPERATION 


The successful air-blast breaker has to 
be more than an interrupting device. It 
must have adequate insulation, and must 
be able to carry its rated current continu- 
ously without exceeding prescribed tem- 
perature limitations. Also, like all circuit 
breakers, it must be capable of operating 
many times a day without failure of me- 
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CONTACT SEPARATION— MILLIMETERS 


chanical parts, and yet, on the other hand, 
be capable of operating satisfactorily after 
having stood for a period of time without 
being operated. Several years of experi- 
ence in the manufacture and operation of 
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air-blast circuit breakers have provided 
knowledge of the proper materials to use 
in mechanical parts, such as pistons, 
valves, valve seats, piping, and interlocks; 
giving assurance that the breaker can ac- 
complish repetitive operations, as well as 
function satisfactorily, when infrequently 
operated. 

Apart from the two solenoid control 
valves for closing and tripping the break- 
ers, there is only one vaive which must 
seal against the air pressure. This is the 
main air-blast valve, which is a simple 
composition valve, easily accessible. The 
method of mounting this main air-blast 
valve is such that the air pressure in the 
storage tank acts on the valve to secure 
tightness. 


General Factors Affecting Design 


The most efficient circuit breaker is the 
one in which, all other things being equal, 


Figure 6. Type AB air-blast circuit breaker 

with vertical mounting arrangement, 600 am- 

peres, 15,000 volts, 500,000-kva interrupting 

capacity—equipped with arc-paralleling re- 
sistors 


the rate of dielectric recovery between the 
arcing contacts, immediately following the 
first passage of the current wave through 
zero, after parting of the contacts, is al- 
ways greater than ithe rate of recovery 
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voltage rise across the contacts. Under 
these circumstances, restriking of the arc 
is impossible and the maximum period of 
arcing is one-half cycle. 

In designing a circuit breaker, there are 
two lines of attack by which maximum in- 
terrupting efficiency may be obtained. 
First, by the production of a high rate of 
dielectric recovery and second, by limiting 
the rate of rise of the recovery voltage. 
These two factors are used in the design of 
air-blast circuit breakers with such 
marked success as consistently to produce 
arcing times of one-half cycle or.less. 

Tests have proved that there are four 
factors which influence the interrupting 
capacity of high-voltage air-blast circuit 
breakers. These are: 


1. Air pressure 
2. Port area 

3. Series breaks 
4 


Automatic insertion of resistors 


The first three of these factors con- 
tribute toward control of dielectric re- 
covery. The fourth factor produces a 
measure of control over the rate of rise of 
recovery voltage. The proper correlation 
of such of these factors as may be required 
produces air-blast circuit breakers of al- 
most any desired interrupting capacity in 
the sizes usually required. This holds true 
for a wide range of interrupting capacities 
and for all standard voltage ratings up to 
and including 220,000 volts. 


Factors Affecting 
Dielectric Recovery 


AIR PRESSURE 


Dielectric recovery between the arcing 
contacts of air blast breakers is assisted by 
three different air-pressure characteris- 
tics. These characteristics result in the 
following: 


1. Dynamic effect 
2. Dielectric effect 
38. Cooling effect 


Dynamic Effect. Initial opening of the 
arcing contacts is effected by means of the 
air pressure itself. An arc is drawn be- 
tween the contacts, but is immediately en- 
veloped and centralized by the dynamic 
action of the air under high pressure. 

An arc may be visualized as an incan- 
descent core of concentrated electrons sur- 
rounded by an incandescent envelope of 
ionized gas. Due to the dynamic effect 
of the compressed air, the arc is central- 
ized and its length controlled. This con- 
tributes toward limitation of are energy 
release. 


During the process of arc extinction the 
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air pressure rapidly forces the arc prod- 
ucts and any ionized gas into an arc gas 
cooling chamber, and so produces ex- 
tremely rapid scavenging and deioniza- 
tion of the are path. 

Dielectric Effect. That the dielectric 
value of air increases due to compression, 
is well known. When under a pressure of 
about 135 pounds per square inch, the di- 
electric value of air is approximately 
equivalent to that of high-grade oil. Due 
to the passage of this high-dielectric me- 
dium between the contacts an inherently 
rapid build-up of dielectric is obtained. 

Cooling Effect. The compressed air 
usually employed, is under a pressure of 
either 135 pounds or 200 pounds gauge per 
square inch. It is obvious that the sud- 
den release of such pressures in the arc 
zone, and the instantaneous expansion of 
the air, will create intense cooling action. 


Figure 7. Typical type AB air-blast-circuit- 
breaker pole section 


The cooling action deionizes the arc and 
limits its conducting ability by reducing 
its cross section. 

Due to the inherent characteristics of 
an a-c system, the cross section of the are 
diminishes as the current approaches zero. 
This causes an increase in the relative 
cooling effect of the air blast immediately 
before current zero. 

Total Effect of Air Pressure. The com- 
bination of a high-velocity high-dielectric 
cooling medium produces the maximum 
interrupting effect and is responsible for 
the short interrupting time of one-half 


cycle or less, experienced with most air- 
blast breakers. 
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Due to the short arcing time, and the 
low release of arc energy, contact burning 
is greatly reduced. Consequently, long 
contact life is obtained, even when inter- 
upting high currents. Many thousands 
of interruptions are obtainable without 
- necessity of contact renewal. 

_ Many interrupting tests with varying 
short-circuit currents, and at different air 
Pressures, have proved that a definite rela- 
tion exists between interrupting capacity 
‘and air pressure. As shown in figure 8, 
the increase in interrupting capacity is al- 
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Figure 8. Relation between air pressure and 
interrupting ability in megavolt-amperes 


Circles—Effective operations 
Crosses—Ineffective operations 


(Port area constant) 


most proportional to the increase in pres- 
sure. 


Port AREA 


Since a definite control is obtained by 
means of the dynamic, dielectric, and cool- 
ing effects of the air blast, it follows that 
these effects will be increased if the vol- 
ume of air made available is increased, 
provided that the air pressure remains 
constant. 

By increasing the area of the port, in- 
creased interrupting capacity is obtained 
as shown in figure 9. The proportional 
relationship between the area of the port 
and the interrupting capacity there shown 
has been verified by a large number of 
tests. 


SERIES BREAKS 


As the recovery of dielectric between 
the arcing contacts depends more or less 
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directly on the pressure of the air, it fol- 
lows that, provided air pressure remains 
constant, an increased measure of dielec- 
tric recovery should be obtainable by con- 
necting a number of breaks in series. 
Tests have proved that while an im- 
provement in interrupting capacity can 
be obtained by the use of series breaks, 
the increase in capacity is not in direct 
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Figure 9. Relation between port area (orifice) 
and interrupting ability in megavolt-amperes 


Circles—Effective operations 
Crosses—Ineffective operations 


(Air pressure constant) 


proportion to the increase in the number 
of breaks as is shown in figure 10. 

There are practical limitations to the 
use of series breaks. Mechanical design 
factors, insulation difficulties, and costs 
increase with each additional break. Itis 
also obvious that the expenditure of air 
must increase with each additional break. 

The electrostatic relations which cause 
unequal voltage distribution across series 
breaks, increase with the number of 
breaks. In the case of the indoor air-blast 
breakers here described, one break per 
phase is sufficient in all cases. 


Factors Affecting Rate 
of Rise of Recovery Voltage 


INSERTION OF RESISTORS 


On circuits where the impedance con- 
sists largely of reactance, the power factor 
at the moment of arc interruption may be 
low. Due to the lower power factor, cur- 
rent zero occurs at a time when the genera- 
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tor electromotive force would normally 
be in the vicinity of its crest value, so 
that, at the moment of interruption, the 
voltage across the contacts rises rapidly 
to a value corresponding to the generator 
electromotive force. 


KILOVOLT- AMPERES 


NUMBER OF BREAKS 


Figure 10. Relation between number of 
breaks in series and kilovolt-amperes inter- 
rupted 


Circles—Effective operations 
Crosses—Ineffective operations 


(Air pressure and port area constant) 


The rate at which the voltage rises is 
affected by the characteristics of the cir- 
cuit under interruption, and also is de- 
pendent upon the instantaneous value of 
the generator electromotive force at cur- 
rent zero. 

Upon interruption of the short circuit, 
the stored energy in the system tends to 
discharge, since a-c circuits are composed 
of both inductance and capacitance. The 
well-known inductive kick from coils of 
many turns, such as field coils, illustrates 
one type of circuit discharge. The snap- 
ping discharge of a capacitor illustrates 
another. An interruption on a large 
power system may produce both of these 
kicks in magnified form, and in an infinite 
variety of phase relations. 

When the generator electromotive force 
re-establishes itself, immediately upon in- 
terruption of the short circuit, the induc- 
tive and capacitive discharge effects are 
superimposed upon the characteristic 
form of the normal-frequency electro- 
motive force in the form of a high-fre- 
quency transient which may rise to a 
value as much as twice or more the in- 
stantaneous value of the generator electro- 
motive force. This transient is usually a 
combination of various frequencies which 
depend upon the natural frequency of dif- 
ferent circuit combinations obtainable in 
the system interrupted. 

The rate of rise of the combined recov- 
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Figure 11. Typical section of indoor air-blast 


interrupting device with paralleling resistor 
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ery voltage depends upon the instantane- 
ous value of the generator electromotive 
force, the amplitude of the superimposed 
transient, and upon the frequency of the 
transient. 


It has long been known that the rate of 
rise of recovery voltage can be beneficially 
influenced by inserting a resistor into the 
interrupting circuit. In the air-blast 
breaker limitation of the rate of recovery 
voltage rise is accomplished by the use of 
resistors inserted into the circuit by means 
of the action of the arc itself. 

Indoor air-blast circuit breakers having 
150,000-kva interrupting rating andhigher 


508 TRANSACTIONS 


are usually equipped with paralleling re- 
sistors. The method of connecting and 
mounting the resistor is shown in figure 
11. It will be seen that the resistor is 
noninductively wound around the muf- 
fler housing. 

As the arcing contacts A and B sepa- 
rate, an are is drawn between them and 
the centralizing action of the air-blast 
forces the are into contact with the prob- 
ing electrode C, thereby automatically in- 
serting the resistor in parallel with a por- 
tion of the arc during the first half cycle of 
are. 


As the fault current decreases after 
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reaching its maximum value during the | 
first half cycle, the resistance of the arc in- 
creases rapidly, so that the current tends 
to follow the alternative path from (4) 
through the resistor in series with the sec- 
tion of the arc from the electrode C to the 
stationary arcing contact B. The section 
of the arc between the moving contact 
and the electrode then becomes unstable 
and goes out. 

The section of the arc between the elec- 
trode C and the stationary contact B is 
momentarily maintained after the main 
arc from the moving contact A to the elec- 
trode C is extinguished, but the fault cur- 
rent is greatly limited due to the high 
value of the resistance connected in series 
with the arc. 

When the low-current arc between the 
electrode and the stationary contact is ex- 
tinguished at or near current zero, im- 
provement in power factor has taken place 
due to the insertion of the resistance, re- 
sulting in a marked reduction in the in- 
stantaneous value of the generator elec- 
tromotive force at the moment of inter- 
ruption. 

The reduction in the rate of rise of re- 
covery voltage obtained by the use of 
automatically inserted resistors is illus- 
trated in figure 12, which shows cathode- 
ray oscillographic records of the voltage 
appearing across the contacts of an air- 
blast breaker during and after interrup- 
tion. The upper oscillogram shows the 
voltage condition when no resistor was 
used and the lower oscillogram shows the | 
improvement obtained by the use of re- 
sistors. 

It is apparent that the rate of rise and 
the maximum value of recovery voltage is 
much less when an automatically inserted 
resistor is used. High-frequency tran- 
sients are practically eliminated and the 
voltage immediately following arc inter- 
ruption, follows generally the normal 
sinusoidal wave form. A representative 
oscillogram of an interrupting test made 
on an air-blast breaker equipped with re- 
sistors is shown in figure 13. 


Summary 


It is evident from the foregoing descrip- 
tion that the air-blast breaker has several 
very desirable characteristics. 


l. It is an oilless breaker. 


2. It can be applied over practically the 


same range of interrupting-capacity steps 
and voltages as the oil circuit breaker, both 
indoor and outdoor. 


3. The prestored energy of compressed air 
is used, not only for circuit interruption but 
also for opening and closing contacts, and 
for proper sequential timing. 
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ne permits fast int 
eparation of interrupting and isolating 
ts ena fast reclosing. 


ailability of high-power circuit-breaker 
testing laboratories. Its performance 


under all kinds of conditions, has been 


Ly 


checked and rechecked; its operating 
characteristics and limitations have been 
determined; and operating security has 


been assured by the application of ade- 


quate safety factors and interlocks. 

As a result of the extensive research 
conducted during the evolutionary proc- 
ess, it is possible to predetermine the per- 
formance of this air blast circuit breaker 
by means of a judicious combination of 
air pressure, port area, series breaks, and 
arc paralleling resistors. And so there 
emerges from the testing laboratory, a 
unique oilless circuit breaker of simple, 
sturdy and compact design, which is ap- 
plicable to practically all current, voltage, 
and interrupting ratings. Comprehen- 
sive and reliable test data enable its 
adaption to almost any particular set of 
system characteristics within its rating, 
and prove its ability to render satisfactory 


MAXIMUM RATE OF RISE OF 
RECOVERY VOLTAGE 


Figure 13. Oscillographic record of inter- 
trupting test of a 1,200-ampere 15-kv 500,- 
000-kva interrupting capacity air-blast circuit 
breaker, when interrupting 429,000 kva at 11 


ky. Arcing time 1/600 (0.00167) second 


service under the most arduous demands 
of American power systems. 
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The Cross-Air-Blast Circuit Breaker 


D. C. PRINCE 


FELLOW AIEE 


Synopsis: The designs of European air- 
blast circuit breakers are not wholly satis- 
factory for operation in the United States as 
they do not handle high enough currents, 
cannot economically be built for high enough 
interrupting capacities, and do not conform 
to United States installation arrangements. 

Accordingly, a new type of air cross-blast 
circuit breaker has been developed which 
does conform to the above requirements. 
The commercial design of this circuit breaker 
is discussed in a companion paper “Design 
and Construction of High-Capacity Air- 
Blast Circuit Breakers’? by Messrs. H. E. 
Strang and A. C. Boisseau, and the present 
paper analyzes the theory of performance of 
the foreign and cross-blast circuit breakers, 
and presents evidence from a number of 
sources which throw light on the method of 
operation. The circuit breaker is found to 
operate predominately on the displacement 
theory. The nature of its performance 
makes it much less sensitive to recovery rate 
and high currents and much more economi- 
cal in air consumption than air-blast break- 
ers previously available. 


OR a number of years air-blast cir- 

cuit breakers have been built in 
Europe. These designs have been 
watched closely; individual breakers have 
been imported and tested. An air-blast 
circuit breaker of purely domestic design 
is now being put upon the market, This 
circuit breaker is described in a companion 
paper by Messrs. H. E. Strang and A. C. 
Boisseau (Transactions pages 522-7). 

Inasmuch as this design differs com- 
pletely from foreign practice, it is inter- 
esting to examine the reasons for this pro- 
nounced difference, and the inner work- 
ings of the new device. Figure 1 shows 
diagrammatically the typical Continental 
design, which may, for the sake of identifi- 
cation, be described as radial blast. It 
consists of a male contact and a segmental 
female contact through which air is dis- 
charged when the circuit breaker is opened. 
The air stream envelopes the male 


Paper 40-19, recommended by the AIEE committee 
on protective devices, and presented at the AIEE 
winter convention, New York, N. Y., January 22- 
26, 1940. Manuscript submitted November 13, 
1939; made available for preprinting December 12, 
1939; released for final publication March 27, 1940. 


D. C. Prince, manager of the commercial engineer- 
ing department, General Electric Company, Sche- 
nectady, N. Y., was chief engineer of the switchgear 
department of the company at Philadelphia, Pa., 
at the time the paper was presented; J. A. HENLEY 
is with Metropolitan Vickers Company, Ltd., Man- 
chester, England, and W. K. RANKIN is with the 
General Electric Company, Philadelphia, Pa. 


13. For all numbered references, see list at end of 
paper. 
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contact on its way to the nozzle. It thus 
tends to cool the are and blow the arc 
products away from the male contact and 
out through the nozzle. Due to the fact 
that the arc is extinguished by an inde- 
pendent source of power, the air blast, the 
performance of such a circuit breaker is 


19-1 


COPPER 
NOZZLE 


ELKONITE TIP 


Radial-type contact 
and nozzle 


Figure 1. 


highly reproducible and it is an excellent 
design for analytical study. 

A considerable number of tests has 
been made on nozzles corresponding ap- 
proximately to the Continental designs. 
Figures 2a, b, and c give the results of 
such tests. In figure 2a, it is shown that 
with voltage recovery rate and air pres- 
sure constant, the current-interrupting 
capacity is proportional to nozzle diame- 
ter. In figure 2b it is shown that with 
voltage recovery rate and nozzle diameter 
constant, the current interrupted is pro- 
portional to air pressure. In figure 2c, it 
is shown that with pressure and nozzle 
diameter constant, current-interrupting 
capacity is inversely proportional to re- 
covery voltage rate between limits. This 
inverse proportionality fails at high cur- 
rents, therefore, there is a maximum cur- 
rent which can be cleared no matter how 
low the rate of rise of recovery voltage 
may be. The design of figure 2c corre- 
sponds to a Continental rating of 400,000 
kva at 10 kv or 23,000 amperes, Ex- 
amination of the figure shows that at this 
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rating the recovery rate must be quite 
low, 150 volts per microsecond at 120 
pounds per square inch and about 500 
volts per microsecond at the breaker’s 
rated pressure, as compared with a figure 
of 1,800 for the usual testing station. It 
further appears that the kilovolt-ampere 
rating must be sharply reduced if the 
operating voltage is below 8,000 volts no 
matter how low the recovery voltage may 
be. 

Since United States circuit-breaker 
standards call for interrupting current 
ratings as high as 60,000 amperes for a 
250,000-kva circuit breaker, it is apparent 
that the Continental design would have 
to have a much smaller rating if it were to: 
be applied in any standard manner in this: 
country. Since the nozzle diameter in- 
creases as the first power of the current to 
be interrupted, while the air requirement 
goes up as the square of the nozzle diame- 
ter, the larger nozzle required to meet 
United States conditions would have a 
very greatly increased air consumption 
and would not be an economical design. 
A satisfactory design for the United States. 
should be able to handle considerably 
higher recovery rates and at the same time 
should be able to handle maximum cur- 
rents with a minimum of air consumption. 


Accordingly the cross-blast design de- 
scribed in the Strang-Boisseau paper 
has been evolved. Figure 3 is a cross. 
section of the interrupting unit. _ This. 
consists of a pair of contacts located in an 
arc chute of insulating material. Air is. 
introduced at one side of thischute. The 
air velocity is, therefore, at right angles to 
the are stream and blows the arc against a. 
number of barriers also of insulating ma- 
terial. In effect the arc is caught in the 
grip of a multiple shear having a movable 
member consisting of jets of air and sta- 
tionary members of insulating material. 
At current zero the arc is cut up into sec- 
tions and the are products blown away 
(through the are chute) into a muffling 
structure. This structure lends itself well 
to observation. All of the usual magnetic 
and cathode-ray measurements can be re- 
corded and the chute can be made of 
transparent material so that the behavior 
of the are can be observed by high speed 
photography. The usual high speed cam- 
eras operating up to 2,000-3,000 frames 
per second do not provide enough observa- 
tions close to current zero. However, a 
special camera was developed which is 
capable of a maximum speed of 120,000: 
frames per second.!®_ Since the are phe- 
nomena in the cross-blast chute last for 
periods between a half and one cycle, the 
camera was slowed down so as to take 60,- 
000 frames per second, that is, its total of 
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Figure 2a. Variation of rupturing capacity 
with nozzle diameter at 120 pounds per square 
inch; radial-type nozzle 


1,000 frames is distributed over one cycle. 
With this device, exposures occur at the 
rate of one every 16/3 microseconds, or 
one every 0 degree 20 minutes of arc. 

Figure 4 shows some typical enlarge- 
ments of arcs taken with this camera. 

Although much valuable work has been 
done in which the voltage recovery char- 
acteristics of circuits have been assessed 
on the basis of the recovery rate, or the 
steepest tangent passing through the 
origin, it has nevertheless been appreci- 
ated from the earliest days of the concep- 
tion that precise work along this line in- 
volved a comparison of the entire voltage 
recovery curve of the circuit with the 
curve representing recovery of insulation 
strength of the interrupting device. For 
certain other interrupting devices, notably 
expulsion protector tubes, curves of insu- 
lation strength recovery have been deter- 
mined and published. In the present in- 
stance, therefore, an attempt was made to 
secure as complete a curve as possible be- 
tween the recovery strength of the circuit 
breaker and time. In order to secure this 
curve the circuit breaker was subjected to 
varying recovery voltage rates high 
enough to cause the arc to restrike. A 
cathode-ray oscillogram of such a test 
shows the voltage first rising across the 
contacts and then collapsing at the point 
where a restrike occurs. The value of 
voltage at which collapse occurs and the 
associated time provides a point in the 
time curve of recovery of insulation 
strength. See appendix C. 

The solid line of figure 5 is a plot of a 
recovery characteristic with a number of 
experimental points shown. Over a con- 
siderable range it appears that a straight 
line through the origin fits the observed 
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Figure 2b. Variation of rupturing capacity 
with air pressure; radial-type nozzle 


points as closely as any other line. It 
therefore, appears that the conception of 
recovery rate, that is, a proportionate in- 
crease in strength against time, is a useful 
parameter for this type of circuit breaker. 
As the recovery voltage rises correspond- 
ing to an increasing dielectric strength in 
the path previously occupied by the arc, 
however, the point is reached where a 
breakdown can take place between the 
contacts over a new path. There is, 
therefore, a saturation condition. The 
curve bends over at some value repre- 
senting the breakdown of the gap. This 
saturation characteristic appears as a 
matter of experiment in the solid-line 
curve of figure 5. 

In figure 5, most of the experimental 
points correspond to a pressure of 3 
pounds gauge or 18 pounds absolute. 
The dashed curve is calculated from the ex- 
perimental solid curve for 20 pounds gauge 
or 35 pounds absolute. Two test points 
are given corresponding to this pressure. 
The highest points of these two curves are 
at 40 and 91 kv respectively, or a ratio of 
approximately 2.3. From the curve in 
figure 6, the rod-gap dielectric strengths 
corresponding to the two pressures and 
adjusted to the proper temperatures are 
61 kv and 103 kv, whose ratio is 1.7. 
From the random nature of breakdown 
phenomena this is probably as close an 
agreement as one can expect from so few 
tests. 

Below ten microseconds no experimen- 
tal points on the solid curve appear. 
Some discussion will be offered as to the 
probable shape of the portion of the curve 
below ten microseconds. However, con- 
sideration will first be given to the straight 
portion of the curve between f, and #3. 
This part of the curve appears to be con- 
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Figure 2c. Variation of rupturing capacity 
with rate of rise of recovery voltage at 120 
pounds per square inch; radial-type nozzle 


sistent with the displacement theory of 
operation, that is, it is assumed that at 
current zero an unimpaired wedge of di- 
electric is driven across the are path. 
This wedge increases in thickness at the 
rate of fluid flow and the product of that 
rate and the dielectric strength of the 
wedge gives a measure of recovery 
strength across the gap: 


v/t=d/tXv/d 
where 


v=voltage 

d= distance 

t=time 
v/t=rate of rise of recovery voltage 
v/d=dielectric strength 
d/t=dielectric velocity 


This equation has been evolved for the 
case of liquid dielectric such as oil, which 
is relatively incompressible and constant 
as to dielectric strength. With air which 


Cross section of interrupting unit of 
cross-blast air circuit breaker 


Figure 3. 
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Figure 4. Photographs of the arc in a cross-blast circuit breaker 


taken with high-speed camera at 60,000 frames per second 


Frames 1 to 25 inclusive are photographs of the arc Which 
down, at B, from the moving contact to a timing gap at A, 
makes it possible to locate the current-zero photograph. 


is decreasing as it approaches current zero in frame 23. 
The breakdown of this timing gap 

In frame 32 these auxiliary arcs appe 

3%/s-inch depth of the cooling plates 


Frame 30 shows the first break- 
is recorded on the cathode-ray oscillogram and 
ar with greater intensity. Frame 99 shows the 


obeys the gas laws and has a dielectric 
strength which is variable with pressure, 
the matter of determining the proper di- 
electric strength and velocity to use is 
somewhat more complicated than with 
oil. The curve of figure 6 has already 
been offered showing the variation of di- 
electric strength with pressure. The 
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Figure 5. Variation of recovery strength of 
cross-blast breaker with time 


amount of air discharge through an orifice 
is expressed by the equation: 


NEE 
M=Ap RT 


where 


M=nmass discharge in unit time 
A =effective orifice area 
P=absolute pressure in orifice 
T =absolute temperature in orifice 
R=universal gas constant 
cp 


| ae 
cv 


g=acceleration of gravity 


This equation holds provided the re- 
ceiver pressure is less than 0.53 times pres- 
sure in the tank supplying the orifice. 
Under these conditions, the discharge will 
be at the velocity of sound. This condi- 
tion is met by the 20-pound curve of figure 
5. In the air at high velocity, the tem- 
perature will have fallen in accordance 
with the equation 


ate | 


nan (2)7 
pen 


to —71 degrees centigrade, P; being 135 
pounds absolute. 

At this pressure and temperature the 
impulse dielectric strength will be 103,000 
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volts per inch, assuming that the gap be- 
tween the ionized columns is approxi- 
mately equivalent toarod gap. Atatem- 
perature of —71 degrees the velocity of 
sound is 938 feet per second. The data is 
taken under such conditions that the con- 
tacts are separated far enough to bring in 
to play one barrier in the arc chute. A 
wedge of air will be driven in on each side 
of this barrier so that the rate of rise of di- 
electric strength should be determined by 
multiplying the dielectric strength just 
obtained by the velocity of sound and by 
2. The resultant figure of 2,320 volts per 
microsecond is well within the limits of 
experimental error as compared with the 
slope of 2,000 volts per microsecond on 
the dotted curve. 


In the deionization or cooling theory of 
are interruption the are space is cooled and 
deionized. (Doctor Suits!’ has shown 
that these two phenomena are substanti- 
ally the same at high pressure.) This cool- 
ing causes an increase in are voltage. 
Prior to current zero the arc voltage is 
measured and it is a reasonable assump- 
tion that immediately subsequent to cur- 
rent zero it would require that amount of 
voltage or a greater amount to sustain an 
arc. Practically, the required voltage 
should be greater for two reasons. In the 
first place, some cooling will have taken 
place during the voltage reversal no mat- 
ter how quickly that has occurred. In 
the second place, the reversal must be ac- 
companied by the formation of a new 
cathode. This cathode effect, however, is 
small in a high-voltage design such as that 
under discussion. The curve of figure 5 
would, therefore, be expected to start at 
zero time ft) at a height corresponding ap- 
proximately to the arc drop prior to cur- 
rent zero. During the time that the cool- 
ing is taking place this curve will rise until 
when the cooling has become complete the 
dielectric strength will increase at the rate 
of interposition of new dielectric. The 
transition from the curve to the straight 
line, the slope of which represents the rate 
of interposition of the new dielectric, is 
designated as ft. It is interesting to see 
what evidence can be obtained regarding 
the time f, and f, and what effect it has 
upon the performance of the circuit 
breaker. 

In this way the recovery characteristic 
of this circuit breaker can be divided into 
two parts. One part between f and ft in 
which a cooling phenomenon takes place 
and the other period subsequent to & in 
which the operation is on a displacement 
basis. During the cooling period, dis- 
placement cannot be operative because 
during that period some conductivity 
exists, and the current flowing through 
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that conductivity disrupts the fresh dielec- 
tric as fast as it enters the arc space. As 
soon as unimpaired dielectric has been 
interposed, that fresh dielectric will sus- 
tain the entire recovery voltage. That 
part of the are path still conducting will in 
effect be short-circuited by that conduc- 
tivity. The two phenomena, therefore, 
would not take place simultaneously, but 
are present, one prior to time f, and the 
other subsequent to it. During the time 
to to t; there must be some conductivity. 
If that conductivity is appreciable, it 
should represent a resistance shunted 
across the contacts, and should alter the 
curve of the voltage transient. The volt- 
age transient of the test station is known 
both through calculation and tests of oil 
circuit breakers. See appendix A. 

An examination of the tests on the cross- 
blast air circuit breaker indicates conduc- 
tivity only at currents above 6,000 am- 
peres and at rates of rise of recovery volt- 
age above 2,500 volts per microsecond. 
The largest observed conductivity was 
quite small, resulting in a reduction of the 
recovery transient peak of only 15 per 
cent. Qualitatively, if cooling is playing 
a part in the operation of the circuit 
breaker, one would expect to find some re- 
lationship between clearing and the arc 
voltage immediately prior to the last cur- 
rent zero, that is, it should be apparent 
that the circuit breaker is getting ready 
to clear by a rise in are voltage prior to 
the current zero, at which point the clear- 
ing actually takes place. 

Table I shows a number of tests made 
at varying currents and pressures together 
with the are voltages immediately prior 
to the last current zero. There seems to 
be a purely random relation between the 
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Figure 6. Variation of dielectric strength of 

air with pressure; impulse breakdown of two- - 

centimeter rod gap in nitrogen at 25 degrees 
centigrade 
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arc drop just prior to clearing, so that any 
effect of cooling on the actual clearing ap- 
pears to be a secondary phenomenon. 

Further qualitative evidence on this 
subject was obtained by substituting 
other gases for air. It is known that a 
small amount of carbon tetrachloride 
vapor will greatly increase the breakdown 
strength of air. Accordingly, carbon 
tetrachloride vapor was added and it was 
found that the performance corresponded 
to that which would exist at double the 
dielectric strength of pure air in accord- 
ance with the displacement theory. Since 
it was conceivable that this increase was 
due in part to the increased cooling effect 
from added carbon tetrachloride, a proper 
proportion of CO2 was added to give ap- 
proximately the same increase in the cool- 
ing effect but no measurable increase in 
the performance was detected. 

Messrs. I. Kesselring and F. Koppel- 
man’® have proposed an _ interesting 
theory on the basis of which the time re- 
quired to cut the arc path can be cal- 
culated for a radial-blast breaker. They 
assume that the current density in the arc 
stream is a constant. Under these condi- 
tions and with the round arc stream used 
by them the diameter of the arc is pro- 
portional to the square root of the current, 
a relationship which they claim to have 
been confirmed by photographs. In the 
process of cutting off the are path, the in- 
terrupting air proceeds with some velocity. 
As long as this velocity is greater than the 
rate at which the are diameter decreases, 
the unimpaired air will follow closely the 
receding boundary of the arc. However, 
with the diameter changing in accordance 
with the square root of current, the rate of 
decrease of the arc diameter approaches 
infinity as current zero is approached. 
There will, therefore, be a short time dur- 
ing which the air is not able to keep up 
with the shrinking arc, and it will not ac- 
tually cut off the arc space until some time 
after current zero. If enough data are 
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Figure 7. Variation of arc diameter with cur- 
rent, cross-blast circuit breaker 
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available this interval during which the 
are path is not definitely cut off by dis- 
placement is calculable. 

Doctor C. G. Suits has calculated on 
theoretical grounds that the current den- 
sity with forced convection is not abso- 
lutely constant but that it should vary in 
such a way that the are diameter will vary 
as the 0.77 power of the current, instead 
of the 0.5 power as assumed by Messrs. 
Kesselring and Koppelman. 

The high-speed photographs provide an 
experimental measure of the actual diame- 
ter of the arc at least as far as it.is shown 
by its effect on the photographic negative. 

Figure 7 has been taken from measure- 
ments of arcs at three different currents, 
peaking at 5,000, 8,000, and 18,000 am- 
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Figure 8. Variation of arc diameter with time, 
8,000-ampere arc, cross-blast circuit breaker 


peres. From these curves the following 
three formulas can be deduced: 


With a maximum of 5,000 amperes 
d=0.0002887!-°4 inches 

With a maximum of 8,000 amperes 
d=0.0217-4 inches 

With a maximum of 18,000 amperes 
d =0.0016382°:745 inches 


All of these curves represent measure- 
ments during the decay of the arc. 

Figure 8 is such a curve of arc diameter 
against time, drawn to scale with a corre- 
sponding curve of air velocity shown tan- 
gent to it. If we assume that the separa- 
tion of the current zero and the arrival of 
the air indicates the time fot,, then those 
times for the three currents observed are 
0, 1.6, 0.0107 microseconds. From the 
pronounced variation in exponent derived 
from figure 7, one is left in doubt whether 
there is a change in constants with in- 
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Figure 9. Variation of rupturing capacity 
with rate of rise of recovery voltage 


crease in current or whether the three sets 


of values are due to observational errors. — 


More data should throw light on this 
point. All three values yield cutoff times 
so short that it is apparent that one would 
not expect cooling phenomena to be in 
evidence except under conditions of a high 
rate of rise. For instance the least arc 
voltage from table I is 2,900 volts and the 
longest time above is two microseconds, 
giving a rate of rise of 1,450 volts per 
microsecond. 

This gives rise to the question of what 
needs to be done in the case of an applica- 
tion where the rate of rise of recovery 
voltage is extremely rapid. There are two 
alternatives. Either the ability of the 
breaker may be increased by an increase in 
air pressure, air volume, or the number of 
arc barriers introduced into the chute; or 
arrangements may be made to shunt the 
contacts with some impedance which will 
reduce the rate of rise. Both of these ex- 
pedients can be taken. In order to secure 
the effect of a resistance shunt, an elec- 
trode can be located between some pair of 
barriers and connected through a resist- 
ance to the stationary contact. With such 
an arrangement the recovery voltage ap- 
pearing between the contacts after the are 
has been interrupted breaks down the gap 
to this electrode inserting the resistance 
in shunt with the arc path while any cur- 
rent flowing through the resistance is in- 
terrupted by further movement of the con- 
tact admitting air to other sections of the 
arc chute. In the appendix B will be 
found a simple method of calculating what 
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the proportions of such resistors should be. 
From this point on, it is merely a matter 
of economics and design whether the re- 
covery rate of any given circuit should be 
taken care of by a change in the air de- 
livery or by the application of a shunt re- 
sistor. 

The ability of the cross-blast design to 
handle recovery rate is much greater than 
that of a radial blast, particularly at 
heavy current. 

Figure 9 is a curve of current variation 
with recovery rate corresponding to figure 
2c. The curve of figure 2c has been super- 
imposed and dotted for reference. In the 
case of the radial blast, all of the air 
heated by the are and the arc products 
must be expelled through the same open- 
ing as the air blast. Consequently any 
current will reduce to some extent the air 
delivered. In a cross-blast design air is 
throttled by an orifice before entering the 
arc chute.As long as the back pressure is 
less than the critical value 0.53, the amount 
of air delivered will not change with current 
over a considerable range. The interrupt- 


Figure 10. Enve- 
lopes of recovery- 
voltage oscillation, 
cross-blast circuit 

breaker 


Curve B at reduced 
air pressure 


ing ability of the circuit breaker should, 
therefore, not change as much over a 
corresponding range and this is shown 
clearly in figure 9. 

Some falling off in the recovery rate 
ability is noted, but this fall is not nearly 
as rapid as with the radial nozzle. At high 
currents gas evolved by decomposition of 
the chute structure begins to be added to 
the air discharge in such volume that it 
adds appreciably to the interrupting ca- 
pacity of the chute. The dotted portion of 
the curve in figure 9 represents an extra- 
polation of the actual test curve beyond 
the point at which it was possible to secure 
failure to locate the curve exactly. At 
high currents enough gas is evolved from 
the chute structure to interrupt the circuit 
without any air supply. The extrapola- 
tion of this curve, therefore, represents 
ability known to be present in the inter- 
rupting structure but not necessarily the 
maximum capacity of it. The full-line 
curves of figure 9 correspond to clearing 
in one cycle with only one barrier in action, 
As the contact continues its travel two or 
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more barriers come into action with result- 
ant increase in interrupting ability as 
shown by the crosses on the figure. These 
points are not comparable directly with 
the points for one barrier since no limit 
in interrupting capacity was reached, 
It will be noted that at say 1,000 volts per 
microsecond the cross-blast chute inter- 
rupts over four times as much current with 
the same air consumption or conversely, 
a radial nozzle to have the same interrupt- 
ing capacity would be 4.3 times as big in 
diameter and consume 18 times as much 
air, 

As mentioned at the beginning of this 
paper, it is hoped that the foregoing will 
give a clear idea of the reasons why, for 
low-voltage designs particularly, it has 
been necessary to develop a new type of 
interrupting air-blast structure. The be- 
havior of that structure has been analyzed 
and it has been shown under most condi- 
tions to operate on a displacement basis. 
The small area in which operation is by 
cooling has also been defined. For heavy 
currents, the ability of this design, instead 
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Figure 11. Test circuit 


of decreasing toward zero volts, actually 
rises until at the highest currents the cir- 
cuit is interrupted even without the aid of 
the air blast. 


Appendix A. Aiir-Circuit- 


Breaker Leakage Current” 


It has been pointed out that the interrup- 
tion process can be divided into two periods: 
one during which a path of finite resistance 
exists between the electrodes; and a second 
characterized by infinite resistance but finite 
dielectric strength. This fact is well illus- 
trated by a series of tests from which the 
actual magnitude of the leakage resistance 
and current are determined. It was found 
that at constant recovery rate, current, and 
voltage, air pressure could be reduced until 
a leakage current flowed after the current 
zero. 

Figure 10 shows the envelopes of the re- 
covery-voltage oscillation as taken from 
cathode-ray-oscillograph records of two 
tests taken at the same voltage and with the 
same circuit. Test B was made at consider- 
ably reduced air pressure. 

The complete circuit employed in the tests 
consisted of a generator and an external re- 
actance in series with the breaker. Both 
generator and reactance had considerable 
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distributed capacitance to ground, conse- 
quently the recovery voltage was composed 
of two frequencies, one relatively low, and 
the second, due to the presence of the series 
reactance, of the order of 60,000 to 100,000 
cycles per second. 

For the purpose of analysis of the high- 
frequency oscillation, this circuit can be 
generalized as indicated in figure 11, in which 
L represents the inductance and C the 
equivalent capacitance to ground of the ex- 
ternal reactance. R, represents the ordi- 
nary damping resistance of the circuit and 
might have been placed in series with the in- 
ductance without altering the final conclu- 
sions. Rg represents the breaker resist- 
ance. The vibration modulus of the high- 
frequency oscillation is: 
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and C may be determined, the inductance 
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Figure 12. Magnitude of recovery voltage 
envelopes 


Curve B at reduced air pressure 


being known. The envelope of the high- 
frequency oscillation will be of the form 


_Ritkp 
t 
2R1R pC 
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and this envelope plotted on semilog paper 
has the slope 


_RitRs 
2RiRepC 


(2) 


Figure 12 shows the magnitude of the 
envelope of the recovery voltage during two 
tests, test B being at reduced air pressure. 

These curves are direct evidence of the 
occurrence of displacement during the opera- 
tion of the breaker. Curve A made at high 
air pressure shows that at all times after the 
current zero, the damping of the circuit was 
due to a constant value of resistance, hence 
the breaker resistance must have been in- 
finite. 
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Curve B which indicates a greater rate of 
damping for 15 microseconds becomes paral- 
lel to curve A showing that in this case also 
displacement occurred although the air pres- 
sure and velocity were greatly reduced. 


A 1 
The slope of curve A is given by D= — 2RC 


and the value of R; is found from the relation 


1 


Seas (3) 
Ri=—90C 


If R, is known it is possible to find Rp, 
from equation 2 above, that is 


Ri 


See (4) 
1+2R,DC 


R= 


The above method of calculation is useful 
for determining the breaker resistance after 
the first peak of the recovery voltage. For 
values previous to this peak the exact value 
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Construction of currents, test B 


Figure 13. 


of the voltage envelope is in doubt and the 
breaker current can be determined as fol- 
lows: 

Referring to figure 11 


and the slope of the inductance current is 
given by® 


diy er 
dt ib, 
The capacitor current is found from the 
: : de ‘ 
relation tc=—C a consequently both i¢ 


and ty; can be drawn if any single value of 
inductance current can be determined. 
Since it is evident that 7) must be zero when 
€z=0, it is possible to determine the in- 
ductance current at this instant by ip= 
to— to = —1¢. 
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These currents as plotted for the low- 
pressure air test are shown in figure 13. 
The resistance of the breaker is then found 


from 


RRs Pace 
Ri+Rep to 
or 


’ (5) 


It was found that this latter method is 
useful only until the time of the first recov- 
ery voltage peak as the mechanics of con- 
structing the inductance current introduce 
considerable error. 

In figure 14 are shown the complete cur- 
rent, voltage, and resistance characteristics 
for the air breaker operating with low air 
pressure. 

Points marked with circles are calculated 
from equation 5 and points marked with 
crosses from equation 4. 
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Calculation of a Resistor for 
Controlling Voltage Recovery Rates 


The ohmic value of resistance to limit the 
recovery rate to a given value is given by the 
equation: 


d d 
“10° “108 
dt dt 
R= = ~ 
di 24/2xfl 
dt 
de 
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where 


R=the ohmic value of the resistance 


gers specified limit of recovery rate in 


dt volts per microsecond 


Hi _ the limit of the rate of change the in- 
dt stantaneous value of short-circuit cur- 
rent just prior to interruption 
f=system frequency 
J=maximum available interrupting cur- 
rent in rms symmetrical amperes 
V =application voltage in line-to-line volts 
kva=interrupting duty in  kilovolt-am- 
peres, three phase 


This value of resistance should be used on 
each pole. 

The amount of active material required 
may be based on the allowable temperature 
rise for one operation on the assumption 
that all of the heat developed remains in the 
active material. If the breaker is properly 
designed, the maximum duty will be about 
one-quarter cycle at 11/2 times leg voltage. 
The amount of active material is then given 
by: 


Q _ 950.75 Xx (kv)? 


= (kv)? 
hAT 240h AT XR 


h-AT-R 


M 


} Prepared by W. F. Skeats. 
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a2 1@) 2 7 6 8 
TIME — MICROSECONDS 


where 
M=active material required in pounds 
for each pole 
Q=heat generated in resistance in Btu 
h=specific heat of material; Btu per 
pound per degree Fahrenheit 
AT=allowable temperature rise for one 
operation, Fahrenheit 
R=resistance in ohms 
kv =application voltage in line-to-line volts 


Appendix C 


The type of breakdown that occurs in the 
air-blast breaker is of particular interest be- 
cause it indicates the nature of interruption 
to be similar to the breakdown of a dielec- 
tric. A cathode-ray-oscillograph record of 
such a breakdown is shown in figure 15. 

The recovery voltage rises at a rate which 
is in accordance with circuit characteristics 
and then collapses to zero voltage in less than 
two microseconds. 

This failure of the cross-blast air circuit 
breaker was intentionally caused by reduc- 
ing air pressure and increasing the rate of rise 
of recovery voltage. The character of the 
failure is similar to that of the disruptive 
breakdown of a rod gap in air. 

As there is nothing shown in the osculo- 
graph record which would indicate progres- 
sive breakdown, we conclude that it was oc- 
casioned by the overstressing of the cold air 
of the blast which had been inserted between 
the arc path ends after current zero. In 
other words, there was an interruption by 
displacement but breakdown occurred due 
to the fact that the recovery voltage rose 
faster than the dielectric strength. 

In contrast with this sharp breakdown the 
slowness of thermal breakdown is illustrated 
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Figure 15. 


AMPERES OR KILOVOLTS 


Figure 14 (left). 


Figure 16 (right). 


by the magnetic oscillograph record figure 
16. 

It will be noted that there were attempts 
to interrupt which were partially successful 
and finally the arc was extended to a point 
where successful interruption was obtained. 
The rate of rise of recovery voltage is less 
than ten times faster than the 60-cycle 
voltage wave which is less than 40 volts per 
microsecond and indicates that its rate of 
rise was limited by leakage current. 

The collapse of voltage 7; to 72 required 
approximately 2,000 microseconds which 
indicates clearly that it was progressive in 
character and was caused by a gradual de- 
crease in the resistance of the arc path. 

These two cases have been chosen as they 
are typical of the extremes. Figure 15 is 
the disruption breakdown following dis- 
placement with no deionization phenomena 
visible. Figure 16 is the progressive break- 
down from a reversal of the deionization 
process with no displacement in operation. 

Cases may be found where displacement 
and deionization by cooling may both play a 
part in arc interruption; however, in the 
cross-blast air circuit breaker, displacement 
will account completely for interruption at 
low currents and be a predominating factor 
even for the high currents and recovery 
rates. 
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Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement”’ to ELEc- 
TRICAL ENGINEERING. 


TRANSACTIONS 517 


Magnetic ‘De-ion’”’ Air Breaker for 
2,500—-5,000 Volts 


L. R. LUDWIG 


ASSOCIATE AIEE 


Synopsis: The theory of quenching an arc 
by deionizing the normally conducting arc 
stream, utilizing a gas blast produced by 
means of an intense transverse magnetic 
field, is elaborated. Application of design 
principles dictated by this theory has made 
it possible to develop a new form of air cir- 
cuit breaker for 2,500—5,000-volt service. 
These breakers are completely described, 
the theory of the De-ion interrupters is dis- 
cussed, and test results are submitted. The 
problem of adequately enclosing the break- 
ers is considered and it is shown that excel- 
lent interruption can be obtained in an en- 
closure of small over-all dimensions. 


NTERRUPTION of 2,500- and 5,000- 

volt circuits capable of producing fault 
currents equivalent to 150,000 kva, by 
breakers using air as the interrupting me- 
dium, is not readily accomplished without 
special arc-quenching chambers. In open 
air impractically long arcs are necessary 
to clear circuits supplied at these voltages. 
Comparatively simple air circuit breakers 
have been built utilizing magnetic blow- 
out means for lengthening the arc in an in- 
terrupting chamber of reasonable dimen- 
sions, but even with the constricted path 
available for the are in such chambers, it 
is necessary to lengthen the arc to approxi- 
mately five feet in order to achieve inter- 
ruption. The energy dissipated in such 
an arc is necessarily high because of the 
long arc length and consequent high are 
voltage. Interruption in such cases is not 
achieved primarily by establishing a proc- 
ess of rapid deionization in the vicinity 
of current zero, but depends rather upon 
building up the are voltage to such an ex- 
tent that restriking after an early, forced, 
current zero does not take place, even 
though intensive deionization is not pro- 
vided during the time of substantially low 
recovery voltage following the current 
zero. 


It is usually necessary to mount air cir- 
cuit breakers for 2,500-5,000-volt applica- 
tions in compact metal-clad switchgear. 


Paper 40-65, recommended by the AIEE committee 
on protective devices, and presented at the AIEE 
winter convention, New York, N. Y., January 22- 
26, 1940. Manuscript submitted November 10, 
1939; made available for preprinting December 20, 
1939; released for final publication March 27, 1940. 


L. R. Lupwic is division manager, Westinghouse 
Electric and Manufacturing Company, East Pitts- 
burgh, Pa.; R. H. Nau is with the same company. 
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Consequently, efficient interruption with 
a minimum of arc energy, size of inter- 
rupting chamber, and formation of ionized 
gases is required. These features call for 
the development of arc-interrupting 
means which will open the circuit using a 
comparatively short arc, relatively low 
energy input, and effective deionization at 
the first current zero. In the next sec- 
tions a circuit breaker is described which 
has these qualities and which is shown to 
be adequate for 150,000 kva at 2,500 or 


Figure 1. A dia- 
grammatic sketch 
showing partial sec- 
tions of the magnetic 
De-ion interrupter 


The dotted lines 1, 
9, 3, 4, 5, and 6 in- 
dicate progressive 
positions in arc in- 
terruption 


MICARTA 
BUSHING 


5,000 volts when mounted in enclosures of 
small dimensions. 


De-ion interrupter 


To interrupt an a-c circuit with mini- 
mum dissipation of energy, a switch is re- 
quired which does not substantially im- 
pede the flow of current until it normally 
reaches zero, and which quickly takes on 
insulating properties thereafter. This 
means appears to be more advantageous 
than depending upon a high are voltage 
and the associated high energy input to 
effect interruption. Synchronization of 
interruption with a current zero may be 
obtained by separating switch contacts 
and forming an are which must be con- 
trolled to develop dielectric strength, fol- 
lowing the current zero, more rapidly than 
voltage is impressed by the circuit.! This 
deionization action may be accomplished 
in a number of ways—for example, by the 
use of a blast of gas produced by decom- 
posing a gas-forming material,? or by the 
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PANEL- END HORN 


use of a plurality of copper plates with 


short arcs between them to take advan- 


tage of the spectacular dielectric recovery : 
A more recent — 


at the cathode of an arc.* 
method which employs a magnetically 
produced gas blast for deionization was 
presented by Ludwig and Grissinger in 


+ 


d 


their paper ‘A New High-Capacity Air 


Circuit Breaker’’.4 An experimental re- 
view of the various interrupting means 
available indicated that this latter method 
was most suitable for interruption of high 
currents at 2,500 and 5,000 volts, because 
of its simplicity, effectiveness, and free- 
dom from undesirable flame and noise. 
Application of the magnetic-deionizing 
principle results in constructing an inter- 
rupting chamber as shown diagrammati- 
cally in figure 1. The chamber consists of 
a large number of non gas-forming insu- 
lating plates having V-shaped slots which 
are spaced apart and placed at right angles 


o65-/ 
INSULATION PLATES 


LAMINATED IRON 
SHOES 


OUTLINE OF ARC 
CHAMBER 


ARCING HORN 
ARC SHIELD 


ARCING AND SECONDARY 
CONTACT PLATFORM 


SHUNT STRAP 


MOVING CONTACT ARM 
AND ARCING CONTACT 


Figure 2. A right view of a 2,000-ampere 
magnetic De-ion breaker for 2,500-5,000-volt 
service 


Rated interrupting capacity 150,000 kva. 


Right-pole arc chamber removed 
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to the are path. During operation an are 
ES drawn between separating contacts, and 
is then magnetically moved toward the 
closed top of the slots in the insulating 
plates. At this position the presence of a 
strong magnetic field imparts to the elec- 
trons in the are an upward component of 
velocity. They in turn bombard gas par- 
ticles and produce an actual blast of gas 
perpendicular to the arc, which action re- 
quires the arc continuously to ionize fresh 
gas in considerable quantities. When 
current zero is reached this action con- 
tinues in a sufficient degree effectively to 
_deionize the plurality of short lengths of 
| the arc near the edges of the plates. Di- 
electric strength is consequently estab- 
lished. 


Figure 3. Front and side views of the new 
_De-ion circuit breaker for 150,000 kva inter- 
rupting capacity 


A—Arcing- and secondary-contact platform 

B—Moving-contact arm 

C—Mein-contact bridge member 

D—Upper contact stud 

E—Lower contact stud 

F—Insulating push rod 

G—Upper stud bushing 

H—Lower stud bushing 

Male adapter of magnet coil which engages 

the female connector of the panel-end horn 
of the arc chamber 

J—Masnet coil 

K—Panel barriers 

L—Solenoid mechanism 

M—Masnet shoes 

N—Removable operating handle 

O—Insulating magnet bushing 

P—Accelerating spring 

Q—Aiir dash pot 

R—Shunt trip 

S—Removable arc chamber 

T—Interphase barriers 


SEPTEMBER 1940, VoL. 59 


The insulating plates are made of a ma- 
terial which does not form gases in order 
to prevent unnecessary display of ionized 
flame in the air space above the interrupt- 
ing chamber. Flame from the arc core 


Figure 4 (left). 
Oscillogram of a 
1,900-volt 39,000- 
ampere rms single- 
phase interruption 


A—Arc voltage 
measured atbreaker 
terminals 


B—Travel record 


C—Current through 
breaker 


Figure 5 (right). 
Oscillogram of a 
“‘closing-opening"’ 
single-phase inter- 
ruption with 1,800 
volts and 38,500 
amperes rms 


A—Voltage at 
breaker terminals 


B—Current through 
breaker 


C—Travel 


record 


must pass upward between the closely 
spaced plates for a distance of several 
inches before reaching free air space. 
During this passage contact with the cool 
walls of insulating material deionizes the 
flame so that upon reaching the free air 
space beyond the chamber there is no dan- 
ger of external flashover of the arc cham- 
ber or to metal parts of the enclosure in 
which the breaker is mounted. 


Ty 


——— 
| 
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This principle of deionization is appli- 
cable to a wide range of voltage. The 
magnetic-field strength, thickness of the 
plates and the space between the plates, 
and the shape of the slot determines the 


volts per plate at which a given current 
can be interrupted. The number of 
plates used may be suitably chosen along 
with the other parameters to make the in- 
terrupter adequate for specified current 
and voltage ratings. 


In the case of the 600-volt air breaker 
previously described‘ sufficient field 
strength to give the required volts per 
plate was obtained by the use of iron 
plates built in above the insulating plates 
and in the same plane with them. How- 
ever, for the higher-voltage circuits iron 
has been added in the form of a laminated 
structure about the chamber, and a multi- 
turn coil is connected to provide a very in- 
tense field. The iron structure is shown 
diagrammatically in figure 1. 

The figure also shows an outline of one 
of the deionizing plates. The slot into 
which the arc is forced by the magnetic 
field is long and quite narrow at the top. 
When the current in the arc is high during 
most of the half cycle preceding interrup- 
tion, the are cannot reside in the upper- 
most portion of the slot because the cross- 
sectional area required by its core is large 
compared to that available in the upper 
slot region. The effect of this construc- 
tion is to permit the arc to operate with a 
low voltage drop until just prior to current 
zero, and thus the energy dissipated in the 
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interruption is reduced. The arc voltage, 
as shown on the oscillograms in figures 4 
to 9, indicates the effectiveness of the slot 
design in limiting the arc voltage. The 
design of the slot differs from that of 


Figure 6 (left). 


Oscillogram of a 3,000-volt 
27,500-ampere-rms single-phase interruption 


A—Avc voltage measured at breaker terminals 
B—Travel record 

C—Current through breaker 
D—Shunt-trip-coil current 

E—60-cycle timing wave 


Figure 7 (right), Oscillogram of a 4,000-volt 
22,000-ampere-rms single-phase interruption 


A—Arc voltage measured at breaker terminals 
B—Current through breaker 
C—60-cycle timing wave 


lower-voltage breakers which are also ap- 
plied for d-c interruption. 

Plates approximately one-eighth inch 
thick are found experimentally to be most 
suitable. The space between the plates 
may be varied from one-eighth to one- 
fourth inch, depending on the magnitude 
of the current to be interrupted and the 
voltage. An arc length of 9!/. inches be- 
tween horns at the two ends of the cham- 
ber is sufficient for interruption of 150,000 
kva at either 2,300 or 5,000 volts. Rms 
voltages as high as 550 volts per inch or 
140 volts per plate have been interrupted 
when the short-circuit current was ap- 
proximately 22,000 amperes. An inter- 
rupting device of this type remains sub- 
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stantially constant in kilovolt-amperes 
and it is found that higher currents can be 
opened at lower voltages or that higher 
voltages can be cleared satisfactorily if the 
current is less. 

In order to make all plates effective in 
the longer chutes for the higher circuit 
voltages, arcing horns are necessary at 
both ends of the chamber. These consist 
of copper bars placed vertically at each 
end of the chute. The lower terminals of 
the panel-end horn are sloped toward the 
arcing contacts of the breaker to facilitate 
transfer of the arc to them. The horns 
are slotted to release gas pressure which 
would tend to prevent intimate contact 
between the arc and the horn at the mo- 
ment of transfer. The multiturn coil at 
one end of the chute is electrically con- 
nected between the arcing contact at that 
end and the horn. Therefore, the coil 
does not pass current except after the con- 
tacts have parted and the arc terminal has 
transferred to the horn, thus introducing 
the coil into the circuit. 


Air-Breaker Construction 


Breakers for 150,000 kva can be con- 
structed in such reasonable dimensions 
that one can be mounted above another if 
desired, and therefore the draw-out type of 
design is particularly advantageous. The 
fabricated steel frame, as shown in figure 2 
and figure 3, serves to support the four 
component subassemblies of the breaker, 
and has wheels attached at the bottom for 
withdrawal from a metal cubicle. The 
subassemblies are the contact structure, 
electric mechanism, are chutes, and bar- 
rier system. 

The contact structure of an air breaker 
has two functions to perform, that of car- 
rying the load current and of drawing the 
are which serves as the interrupting ele- 
ment. It is important to segregate these 
functions carefully in order to save the 
current-carrying or main contacts from 
any effects of the arcing. Also, the inter- 
rupting or arcing contacts must be de- 
signed to withstand the magnetic and 
thermal stresses placed on them. The 
main contacts are self-aligning bridge 
members of copper and the actual contact 
is made between bars of silver-nickel com- 
position brazed to copper. The lower 
main contact is protected from arcing by 
a parallel shunt. The upper main con- 
tact is shunted by both secondary and 
atcing contacts which open in turn after 
the main contacts have parted. A hori- 
zontal overlapping barrier system isolates 
the main contacts from gases thrown 
downward by the arc. 


The necessary relative motion between 
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the two upper contacts and the main con- | 
tacts is obtained by limited travel of the 
upper contacts on the stationary-contact 
side of the switch. The upper contact ~ 
springs are enclosed by a platform mem- 
ber which has limited travel, and are 
thereby well protected from burning. 
An inverted U shunt is also enclosed with- 
in this platform member and is designed 
so that the magnetic force set up by the 
short-circuit current presses the second- 
ary contacts tightly together in addition 
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Figure 8 (left). An oscillogram of a three- 
phase interruption at 2,300 volts, 124,000 kva 


A—Travel record 
B—Arc voltage of phase 1 to neutral, 1,640 
volts 
C—Shunt-trip-coil current 
D—Breaker current of phase 1, 27,500 am- 
peres rms 
E—A\rc voltage of phase 2 to neutral, 1,640 
volts 
F—Breaker current of phase 2, 39,000 am- 
peres rms 
G—Arc voltage of phase 3 to neutral, 1,640 
volts 
H—Breaker current of phase 3, 26,000 am- 
peres rms 


Figure 9 (right). Representative oscillogram 
of a low-current shot on a single pole at 2,300 
volts, 630 amperes rms 


A—60-cycle timing wave 

B—Arc voltage across breaker terminals 
C—Current through breaker 
D—Travel record 

E—Shunt-trip-coil current 
F—Indicator wave 
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to the springs. Parallel-path protection 
is thus provided for the main contacts to 
prevent them from opening any portion of 
the interrupted current. Tungsten-alloy 
contacts are provided for the secondaries 
and arcing tips. 

Insulation of the contact structure and 
‘mechanical support is obtained by Mi- 
carta bushings through which the elec- 
trical connection is carried to the rear of 
_ the breaker. 

_ The electric operating mechanism to- 
_ gether with trip-free levers comprises a 
unit which is mounted horizontally in the 
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Figure 10. Arc chamber which was used dur- 

ing 27 interruptions at maximum short-circuit 

currents and also for 76 interruptions at cur- 

rents of 14,000 amperes and below. The in- 

sulating plates are in satisfactory condition for 
further service 


base of the breaker. The mechanism 
actuates a cross bar which is mechanically 
connected to each moving contact arm by 
an insulating operating rod. The prin- 
cipal advantage of the mechanical con- 
struction is high speed, which results in 
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only a half cycle of arcing at most currents, 

The arc chamber previously described 
is withdrawn from the breaker by pulling 
forward and using the laminated iron field 
structure as a support. 

The function of the barrier system is to 
isolate electrically the live phases from 
each other and from the metal enclosures, 
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Figure 11. Mag- 
netic De-ion circuit 
breaker single-pole 
interruption tests 


SINGLE-PHASE VOLTAGE —RMS 
VOLTS AT BREAKER TERMINALS 
wW 
°o 
(2) 

oOo 


and the rms current interrupted was 38,- 
500 amperes. 

Figure 6 shows the interruption of 27,- 
500 amperes rms at 3,000 volts single 
phase. In figure 7, the interruption of 
22,000 amperes rms at 4,000 volts single 
phase is illustrated. Both oscillograms 
show less than a half cycle of arcing, 


20,000 
CURRENT INTERRUPTED—RMS AMPERES 


30,000 40,000 50,000 60,000 


Crosses indicate tests made on a single arc chamber whose insulating plates were spaced one- 
fourth inch apart 


Circles indicate tests made on a similar arc chamber whose insulating plates were spaced one- 
eighth inch apart 


particularly during the interrupting period 
when free ionized flame tends to expedite 
flashover. Obviously, the requirements 
of the barrier system are lessened if the 
interrupting chamber is made efficient so 
that only a small quantity of flame is al- 
lowed to escape. An enclosed space is 
provided by the barrier system above 
each arc chamber for the discharge of hot 
gases, which would otherwise build up 
pressure above the arc in the chute and 
hinder its interrupting ability. In this 
space the gases mix with cool air, and re- 
sidual flame is suppressed. Muffling ac- 
tion is also secured by the barriered space. 
The barrier structure is built as a unit of 
insulating material and is supported from 
the breaker frame at the top. 


Test Results 


Interrupting tests have been made on 
the breaker through a voltage range of 
1,900 to 4,000 volts single phase, using the 
maximum plant capacity of the Westing- 
house high-power laboratory. Figure 4 
is an oscillogram showing the interruption 
of 39,000 amperes rms at 1,900 volts across 
one pole of the breaker. The equivalent 
three-phase kva is 150,000. The voltage 
element connected across the breaker 
terminals shows that the arc drop remains 
comparatively low until nearly the end of 


the single half cycle of arcing. 


Figure 5 shows a closing-opening opera- 
tion at the same voltage and with the same 
plant setting. The crest value of the cur- 
rent following closure was 89,000 amperes, 
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A three-phase interruption record is 
illustrated in figure 8. The line-to-line 
potential in this case was 2,300 volts. 
The total kilovolt-amperes interrupted 
was 124,000, and the rms current opened 
by the center phase was 39,000 amperes 
rms. This test was made with the 
breaker completely enclosed in a metal 
cubicle which was at ground potential. 
Demonstration such as flame was entirely 
absent, and noise was at an acceptably 
low level. 

Interrupting tests have been made 
throughout the current range with 2,300 
volts across a single pole. The time of 
interruption increased to 20 cycles at 22 
amperes, and then decreased to one-half 
cycleat9 amperes. Allinterrupting tests 
were made with only reactance in the cir- 
cuit, and consequently at low power fac- 
tor. The typical oscillogram of figure 9 
shows an interruption of 630 amperes rms 
at 2,300 volts single phase. 

The are chamber is not damaged by 
high-current short circuits. Figure 10 
shows a photograph looking up into an arc 
chamber which had been used during 27 
interruptions at the maximum short-cir- 
cuit ctirrent of the laboratory, and in addi- 
tion 76 interruptions of currents of 14,000 
amperes and below at 2,300 volts single 
phase. The oscillograms of figures 4, 5, 
and 9 and phase three of figure 8 were 
made using this De-ion chamber. 

In figure 11 points are plotted to semi- 
log scale of currents interrupted at various 
single-phase voltages. Sixty-one test 
points are shown, based on currents inter- 
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rupted up to 55,000 amperes rms at 1,900 
volts, and voltages as high as 4,000 volts, 
single phase. A curve corresponding to 
150,000 kva is also drawn, and the number 
of successful operations above the curve 
and throughout the voltage range indicate 
a good margin of safety in the breaker 
over this rating. This figure also indi- 
cates that the kilovolt-amperes which can 
be interrupted is substantially constant 
from 1,900 to 4,000 volts, single phase. 

The crossed circles of figure 11 are in- 
dicative of the previously noted 27 inter- 
ruptions at the maximum short-circuit 
current of the laboratory. These tests as 
well as the 76 interruptions of currents 
ranging from 9 to 14,000 amperes rms 
were made on an arc chamber with one- 
fourth-inch spacing between the insulating 
plates, figure 10. The 34 circled interrup- 
tions of figure 11 were made on this arc 
chamber using similar insulating plates 
spaced one-eighth inch apart. 


Conclusions 


The high efficacy of the new De-ion cir- 
cuit breaker to function at and above 
150,000 kva with 2,500 to 5,000 volts dem- 
onstrates the practicability of the inter- 
rupter utilizing a gas blast which is pro- 
duced by means of an intense transverse 
magnetic field. This interrupter is par- 
ticularly desirable because the noise and 
demonstration usually found in air-cir- 
cuit-breaker practice is greatly reduced. 
The ionized gases and other by-products 
of arc interruption are sufficiently con- 
trolled by the interrupter that unusual 
barrier arrangements are not needed. 
The new De-ion air circuit breaker is a 
particularly compact and sturdy device 
for use in modern clad switchgear, or for 
separate mounting. 
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Design and Construction of High- 
Capacity Air-Blast Circuit Breakers” 


H.-E. STRANG 


MEMBER AIEE 


HE air-blast principle of circuit inter- 

ruption is a recent introduction to the 
United States, although interrupting de- 
vices utilizing compressed air have been 
available in Europe for a number of years. 
The service performance of European 
breakers has been satisfactory, but in- 
herent limitations prevented adoption in 
this country where large values of fault 
current and high rates of rise of recovery 
voltage are the rule rather than the excep- 
tion. Exhaustive tests on forms of avail- 
able air breakers heretofore available have 
shown that approximately 40,000 amperes 
represents the maximum current that can 
be safely interrupted at generator voltage, 
and then only under conditions of mod- 
erate rate of rise of recovery voltage. This 
fact alone made it essential, if air breakers 
were to be utilized, to develop an entirely 
different type, since applications in this 
country have commonly required oil 
breakers with interrupting ratings up to 
60,000 amperes at 15 kv. Even this value 
of current does not represent the maxi- 
mum requirement, since an increasingly 
strong demand exists for ratings at least up 
to 100,000 amperes at 15 kv or 2,500,000 
kva. 


It was believed that the principle of arc 
interruption by means of compressed air 
was sound, particularly for the higher in- 
terrupting ratings, so a development pro- 
gram was undertaken to overcome the 
previous limitations. Breakers with in- 
terrupting ratings as high as 1,500,000 kva 
(60,000 amperes at 15 kv) have already 
been built and tested, and design tests 
have been made which assure the avail- 
ability of breakers of higher ratings when 
required by the industry. Two breakers 
rated 500,000 kva have been in service 
since early in November 1939, on the 
Consolidated Edison system. A number 
of 250,000-kva breakers of this same gen- 
eral type have been supplied for use on 


Paper 40-63, recommended by the AIEE commit- 
tee on protective devices, and presented at the 
AIEE winter convention, New York, N. Y., Janu- 
ary 22-26, 1940. Manuscript submitted Novem- 
ber 24, 1939; made available for preprinting De- 
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Theory of Operation 


The principle of interruption of the air- 
blast breaker is similar in many respects 
to the principles that have been thor- 
oughly substantiated by both service ex- 
perience and factory test with the oil- 
blast breaker. Fundamentally the theo- 
retical basis of operation of the breaker is 
the displacement of the arc stream and 
the replacement of the arc products with 
insulation at a rate which will prevent 
break down of the dielectric by the 
recovery voltage. As applied to the air- 
blast breaker a stream of air under pres- 
sure displaces the arc stream and at the 
zero point of the current wave, purges the 
interrupting chamber of the hot gases. 
The flow of air across the separating con- 
tacts then provides the necessary dielec- 
tric strength at the required rate to prevent 
breakdown by the recovery voltage. A 
more complete exposition of this theory as 
applied to the air-blast breaker is con- 
tained in a companion paper by Messrs. 
Prince, Henley, and Rankin (Transactions 
pages 510-17). 


Design Features 


The actual design features of the 
breaker may be broken down into four 
major components in order to facilitate 
description: 

1. Are chute and movable contact 
2. Air-blast valve 
3. Operating mechanism 


4. Control valve 


The are chute is a box structure of 
simple, compact design combined with 
great mechanical strength. Within this 
structure are the interrupting chamber, 
stationary contacts, cooling plates, arc 
barriers, and exhaust vent. Figure 1 il- 
lustrates the arrangement of the various 
parts of a typical chute designed for a 15- 
kv breaker with an intetrupting rating of 
500,000 kva. This chute is mounted in 
the breaker cell on porcelain insulators, 
and arranged to be easily removable for 
inspection. 
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‘ The section at the right containing the 
fixed contacts, is the chamber in which the 
actual interruption of the are occurs. 
The sides consist of blocks of insulation 
material with a contour designed to force 
the blast of air directly across the arc 
stream. A false top barrier containing 
an opening with relatively small clear- 
ances, through which the movable con- 
tact passes, forms the top while the back 
plate of the arc chute is also the back of 
the interrupting chamber and contains the 
entrance orifice for the air blast. The 
fixed-contact assembly is at the bottom of 
the chute, centrally located between the 
two insulating blocks. 

Arce barriers placed at the exit of the 
interrupting chamber divide this portion 
of the interior of the chute into four pas- 
sages each equipped with cooling plates. 
A fifth passage which also contains a 
cooler exists between the false and actual 
top barriers. All of these passages ex- 
haust into a vertical vent where additional 
cooling members are installed. 

The orifice in the back plate of the arc 
chute is located so that the normal flow of 
air is directly across the fixed contacts 
and in the plane of the longitudinal axis 
of the tips of the fingers. This flow of air 
forces the arc between the streamlined 
side members of the interrupting chamber 
and into the exit passages at the front of 
the chamber. In order to obtain short 


Figure 1. 
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Cross section of arc chute of 500,000-kva breaker 


are duration and minimum deterioration 
of parts, approximately 15 cubic feet of 
free air at 150 pounds initial pressure are 
required for a closing-opening operation 
on a triple-pole 15-kv 500,000-kva breaker 
while a 1,500,000-kva breaker requires ap- 
proximately 25 cubic feet for such an 
operation. 

The are barriers are for the purpose of 
cutting the are into sections and securing 
a maximum rate of increase in dielectric 
strength of the are path. These barriers 
are of different thickness in order to equal- 
ize deterioration under the various inter- 
rupting conditions within the rating of the 
are chute. The area of the passage en- 
closed by the barrier is proportional to the 
current to be interrupted while the num- 
ber of passages is determined by the maxi- 
mum rate of rise of recovery voltage. 
For 15-kv applications, tests have shown 
that normal interruptions up to full rating 
usually utilize only the first passage. 
The additional passages provide adequate 
factors of safety where high rates of rise 
of recovery voltage may be encountered 
and for that reason three barriers are used 
in the 15-kv are chutes to form four ex- 
haust passages. 

The coolers are composed of stacks of 
thin copper plates located in the plane of 
the exhaust. These perform the function 
of cooling the exhaust gas to a point where 
it will not cause restrike on the outgoing 
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side of the chute. The size and number of 
these stacks are determined by the cur- 
rent-interrupting rating. 

The passage above the false top barrier 
allows the moving contact to be with- 
drawn without the external discharge of 
hot gases. It provides a chamber in 
which the time for the contact to pass 
through is sufficiently long to permit the 
air flow to completely purge the are chute 
following circuit interruption, before un- 
covering the opening in the top barrier. 
The action within the section formed by 
the false and top barriers provides what is 
in effect a turbulent seal to prevent dis- 
charge around the moving contact with- 
out the necessity of a complex mechanical 
seal. The moving contact then finishes 
its stroke at which time it is completely 
withdrawn from the are chute, thus pro- 
viding the positive insulation of a clear 
air-break distance between open con- 
tacts. This also facilitates contact in- 
spection, since the blade and its arcing tip 
are readily visible from the front of the 
cell when the breaker is open. 

The exhaust gases are collected in a 
vent pipe of insulation material, where 
they are permitted to further cool and ex- 
pand. Complete cooling and elimination 
of objectionable noise are assured by the 
final set of cooling plates located at the 
upper end of the vent pipe, where dis- 
charge takes place in the open air. 
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Figure 2, Schematic 
diagram of breaker 
operating mechanism 

and control 
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The stationary contacts consist of a 
suitable number of primary fingers to 
carry the normal rated current without 
excessive heating and secondary fingers 
consistent with the maximum current to 
be interrupted. The primary fingers are 
of the short-wipe line-contact silver-sur- 
faced type that have been employed on 
various types of oil breakers for a number 
of years. These fingers are spring loaded 
with one end in contact with the station- 
ary block and the other in contact with 
the movable blade, assuring a high-pres- 
sure silver-to-silver connection with the 
complete elimination of flexible shunts. 

The secondary contacts consist of heavy 
copper fingers, surfaced on the burning 
area with a silver-tungsten alloy to mini- 
mize deterioration and prolong the life of 
the entire stationary contact assembly. 
These fingers are provided with a copper 
shunt to eliminate burning caused by vi- 
bration at the instant the movable blade 
engages the stationary contact, and facili- 
tates current transfer on the opening 
operation. The secondary fingers are ar- 
ranged to engage first and break last and, 
thereby, prevent burning on the primary 


Figure 3. Typical 500,000-kva breaker com- 
plete in steel cell 


contacts. An arcing plate has been incor- 
porated in the design to further increase 
the number of interruptions that can be 
obtained without seriously deteriorating 
the stationary contacts. The burning 
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surfaces of this plate are surfaced with a 


silver-tungsten alloy atid are so placed 
that the arc is immediately transferred to 


it by the blast of air so'the majority of the 
arcing occurs at this point instead of on 
the secondary fingers. All of these con- 
tacts and the stationary arcing plate are 
mounted as a unit assembly, which is 
easily removable from the chute for in- 
spection or renewal. 

The movable contact is a flat blade of 
copper, completely silver-surfaced, and 
equipped with a silver-tungsten alloy arc- 
ing tip. Silver-surfaced fingers, similar 
to the primary fingers, are mounted on 
the movable contact guide to provide a 
connection between the blade and en- 
trance bushing. This method of making 


connections between movable and sta- 


tionary current-carrying members is sim- 
ple and compact, eliminating flexible leads 
or pigtails. Adequate tests have proved 
it to be satisfactory under all possible 
operating conditions. 


In order to arrive at a satisfactory de- 
sign of arc chute, numerous tests were 
made on various configurations and in 
many cases the action that takes place 
within the chute during interruption, was 
photographed.* The following descrip- 
tion of the operation is, therefore, based 
on analysis of these high-speed photo- 
graphs, as well as magnetic and cathode- 
ray oscillograms, which studied jointly, 
were of considerable aid in understanding 
the underlying theory and actual opera- 
tion of the air-blast breaker. 


Air, at a tank pressure of 150 pounds 
gauge, is introduced into the interrupting 
chamber through an orifice in the back 
plate of the arc chute and is so timed as to 
be present just prior to the parting of the 
contacts. The direction of flow of air is 
controlled by the contour of the interrupt- 
ing chamber which also confines the arc to 
a definite path. Under this controlling 
condition, the flow of air forces the lower 
root of the arc from the tips of the second- 
ary fingers to the surface of the arcing 
plate and is effectively prevented from re- 
striking on the finger contacts by the 
positive flow of air. Arcing occurs on the 
secondary fingers for only a small fraction 
of the total arcing time and it is, therefore, 
possible to form a very accurate estimate 
of the condition of the stationary con- 
tacts from an inspection of the movable 
blade, which is fully exposed when the 
breaker is in the open position. 

As the contacts move further apart the 
arc is forced into the first passage of the 
chute and lengthens rapidly. At the first 


*“The Cross-Air-Blast Circuit Breaker”, D. C. 
Prince, W. K. Rankin, and J. A. Henley, Trans- 
acttons pages 510-17, 
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current zero the stream of air removes the © 
heated gases from between the contacts, — 
placing a stream of clean air under pres- | 
sure across the normal are path. If the © 
separation of contacts is sufficient for the 
dielectric strength of the air to withstand 
the recovery voltage, the arc has been suc- 
cessfully cleared. Inasmuch as the air in — 
the interrupting chamber is under pres- 
sure, its dielectric strength is considerably 
greater than under normal atmospheric 
conditions and is sufficient to prevent re- 
striking of the arc with only a short sepa- 
ration of the contacts. 

If the contact separation at the first cur- 
rent zero has not been great enough to 
withstand the recovery voltage, the arc re- 
strikes and interruption will occur at the 
next current zero. As the contact separa- 
tion increases, additional barriers are 
brought into action forcing the arc to fol- 
low a path of rapidly increasing length. 
The speed of separation of the contacts is 
approximately three inches per cycle dur- 
ing this part of the stroke and by the sec- 
ond current zero from parting of the con- 
tacts, the separation is adequate to pre- 
vent the recovery voltage from causing 
the arc to restrike. 

The movable contact is finally com- 
pletely withdrawn from the chute, and 
during its passage through the last section, 
the gases are swept from the arc chute, 
and the air blast is shut off before uncov- 
ering the opening in the top barrier. 

During the closing operation a blast of 
air is started across the contacts just prior 
to the time they meet. This very effec- 
tively prevents the arc from striking on 
the current-carrying parts and sweeps 
clear of the chute any gases which may be 
formed when the arcing contacts meet. 


Blast Valve 


For the are chute to function properly, 
it is essential that a reliable valve be used 
to control the admission of the air blast. 
A high-speed differential-type solenoid- 
pilot operated valve has been designed for 
this purpose. The valve consists essen- 
tially of a bronze body with integrally 
cored air passages, a piston-operated main 
valve, and a solenoid-operated pilot valve. 
Poppet-type valves in conjunction with 
moderately soft seats have been utilized 
for their simplicity, speed of operation, 
and low leakage factor. It is of primary 
importance that the pressure drop of the 
valve be kept as low as possible and every 
effort has been made to provide a straight- 
line flow with a minimum of obstructions. 
Under intermittent flow conditions at a 
rate of 7,800 cubic feet of free air per min- 
ute, the pressure drop through this valve 
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is only about 10 pounds with an initial 
tank pressure of 150 pounds gauge. High 
speed of operation has also been obtained 
as the over-all operating time, from ener- 
gizing the pilot valve control to complete 
opening of the main valve, is less than 2 
cycles on a 60-cycle basis. 

The blast valve is opened by energizing 
a solenoid, unbalancing a spring-loaded 
pilot valve. This allows the air to escape 
from above the piston at a greater rate 
than can be supplied by a small bleed 
hole from the high-pressure system. The 
unbalance in pressure on the two sides of 
the piston causes the piston to move, lift- 
ing the main valve from its seat. At the 
end of the piston stroke a small valve in 
the piston face is automatically opened, 
permitting a rapid flow of air to the area 
above the piston, but not sufficient to in- 
fluence the operation as long as the pilot 
valve is open. This arrangement assures 
rapid closing of the pilot valve. With the 
valve in the closed position, the air under 
pressure holds it closed and prevents leak- 


age. 


Operating Mechanism 


Mechanical operation of the contacts of 
this breaker is by means of a pneumatic 
mechanism, utilizing air pressure for both 
the closing and opening strokes. 

Essentially the operating mechanism 
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Figure 4. Appli- 


to metal- 
enclosed _— cubicle 
arrangement, com- 
plete with bus, dis- 
connecting switches, 
and current  trans- 
formers 


breaker 
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consists of two units, a double-ended driv- 
ing cylinder and a straight-line linkage 
mechanism. Figure 2 shows a schematic 
diagram of the mechanism and control- 
valve equipment. The piston is directly 
connected to the straight-line linkage 


Figure 5. Typical 
compressor equip- 
ment for battery of 
12 500,000 -kva 
breakers 
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cation of air-blast . 


mechanism through a pair of slotted links 
which permit a short stroke of the piston 
before motion is transmitted to the con- 
tacts. To close, air pressure is applied to 
one end of the cylinder until the breaker 
is completely closed and latched in this 
position by a prop. On completion of the 
stroke, a mechanically operated switch 
opens to de-energize the closing control- 
valve solenoid. 

The blast of air on closing is controlled 
by an interlock switch which both ener- 
gizes and de-energizes the solenoid on the 
blast valve pilot at a predetermined point 
in the stroke. 

The opening operation is practically the 
reverse of the closing operation, Air is 
applied to the opening side of the piston, 
and the first part of the motion provided 
by the slotted link arrangement is utilized 
to remove the latch. The accelerating 
springs rapidly bring the movable contact 
up to speed which is maintained by the air 
pressure until the blade passes the false 
barrier in the arc chute. At this point 
motion is decelerated by the action of a 
special dashpot, before allowing the opera- 
tion to be completed. As in the case of 
the closing operation, air completes the 
opening stroke and is then cut off by a 
mechanically operated switch. 

At the point where the blade is passing 
through the last section in the arc chute, 
an interlock switch opens to de-energize 
the blast of air. The mechanically oper- 
ated switches used in the control of the 
mechanism and blast valve are directly 
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They are 
easily and accurately adjusted by mov- 
able cam surfaces and are of a simple and 
rugged construction. 


connected to the mechanism. 


Control Valves 


On closing the operation is controlled 
by energizing the closing control-valve 
solenoid to admit air to the closing end of 
the cylinder after which the remainder of 
the operation is performed automatically 
by the sealing-in circuits and interlock 
switches. The opening stroke is initiated 
by energizing the blast-valve pilot since it 
is of primary importance to insure air be- 
ing present at the contacts at the time of 
their parting. The blast-valve control is 
energized and motion of this valve actu- 
ates the valve which admits air to the 
opening side of the piston after which the 
control is handled automatically in the 
same manner as on the closing stroke. 

The control valves used in conjunction 
with the mechanism are of the spring- 
biased poppet type with soft seats to 
minimize leakage. In order to prevent a 
false operation of the mechanism in case 
leakage does occur, the valves are so ar- 
ranged that the passage to the cylinder is 
open to the atmosphere when the valves 
are in the closed position. 

The closing and opening valves are 
interlocked in such a manner that the 
opening valve takes precedence over the 
closing valve under all conditions and 
provides the necessary trip-free operation 
of the mechanism. The operating mecha- 
nism is, therefore, fully trip free since an 
opening operation may be initiated at any 
time during the closing stroke. 


General Arrangement 


Figure 3 shows a typical 500,000-kva 
breaker mounted in a steel cell, with both 
terminal connections located at the bot- 
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Figure 6. Condi- 
tion of stationary and 
movable _ contacts 


following test 


Figure 7 (right). 
Oscillogram of 
three-phase closing- 
opening test, inter- 
rupting 680,000 kva pee 
at 14,500 volts : bees 


tom, and with the mechanism and air stor- 
age tank mounted at the top. A bottom- 
and-back arrangement can also be made 
in this same type of structure. Conclu- 
sive tests have shown that the interrupt- 
ing element of this breaker is insensitive 
to position; the contacts may be mounted 
horizontally with the blast either up or 
down, or the moving contact may be 
drawn downward. Therefore, where 
local structural conditions require, an ar- 
rangement may be made with the storage 
tank and mechanism at the bottom, and 
the terminals at the top or the top and 
back. Figure 4 shows the application of 
this breaker to a metal-enclosed cubicle 
complete with disconnecting switches, 
bus, and current transformers. This con- 
struction provides a ready means of inter- 
locking the gang-operated disconnecting 
switches with the cell doors, to permit 
entrance to the breaker cells only when 
the parts are safely disconnected from 
both bus and line. 


Air Supply 
In the case of these high capacity break- 


ers, each breaker will have its own indi- 
vidual air storage tank, containing a suf- 
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ficient supply for two closing-opening 
operations at full interrupting rating. A 
central compressor and storage system 
may be located at any convenient remote 
point, and connected by a manifold and 
nonreturn valves to the breaker unit 
tanks. These 
the retention 


nonreturn valves assure 
of sufficient air at each 
breaker for two operations in the event of 
failure of the central system. 

The size and nature of the central com- 
pressor and storage plant will be deter- 
mined by the number of breakers to be 
supplied, and the probable frequency of 
operation. The 500,000-kva breaker uses 
only about 15 cubic feet of free air per 
round trip operation. In one typical in- 
stallation of these breakers, compressors 
rated 5 cubic feet per minute are used. 
These are operated by two-horsepower 
motors so with both the main and auxil- 
iary compressors connected to operate, 
their running time will be about 11/, min- 
utes per breaker operation. Figure 5 
shows this compressor and storage equip- 
ment, adequate for 12 500,000-kva break- 
ers, for average central-station service. 
Two 5-cubic-feet-per-minute compressors 
are used, either one or both of which may 
be selected to hold the primary tank pres- 
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sure automatically within selected limits. 
For indoor service, the moisture con- 
tent of the air is of concern only in so far 
as it might cause sticking of the valves, 
since it has no effect on the interrupting 
performance of this type of breaker. To 
secure the required degree of dryness in 
the air, therefore, this system compresses 
to 250 pounds pressure in the primary 
tank where the air is cooled, dropping 
most of the moisture content. An auto- 
| matic reducing valve feeds the secondary 
_ tank at 150 pounds pressure with dry air, 
which has been found to have a dew point 
below zero degrees Fahrenheit, which is 
_ entirely safe for indoor service. In addi- 
tion to the automatic pressure controls 
for the compressor motors, the usual water 
pumps, oil traps, and safety valves com- 
plete this part of the equipment. 

Each individual breaker storage tank 
is equipped with a pressure switch, which 
at any predetermined low pressure can be 
arranged to perform one of three func- 
tions: 


1. Sound an alarm 


2. Trip the circuit breaker 
3. Lock the breaker against tripping 


The type of service on which the 
breaker is used, will generally determine 
which of the three alternatives should be 
selected. This switch is equipped with a 
manually operated by-pass, so that the 
operator may elect to trip the breaker to 
clear normal load current, which requires 
only very low air pressure, when the air 
in the tank might not be adequate for full 
interrupting rating performance. 


Tests 


A very comprehensive series of inter- 
rupting tests was brought to a climax in 
August 1939 by a demonstration of the 
500,000-kva breaker to a large group of 
interested engineers, at the high-capacity 
testing station at Schenectady. The 
breaker was subjected to both opening 
and closing-opening tests over a range 
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from 10 per cent to 150 per cent of inter- 
rupting rating. Table I summarizes the 
results of these tests, indicating that the 
longest arcing time was 0.5 cycle and the 
longest breaker operating time 6.0 cycles. 

Additional tests were made on this 
same breaker following this series, making 
a total of some 20 operations, 13 of which 
were at or above full rating. Following 
this complete series, the contacts shown 
in figure 6 were still in condition to permit 
making many more tests without atten- 
tion. 

Figure 7 is a typical oscillogram taken 
during this series of tests, and shows a 
three-phase closing-opening operation at 
27,000 amperes, 14,500 volts, or slightly 
above full rating of the circuit breaker. 

One of the unique features of this type 
of interrupting device is its high current- 
closing ability. The blast of air during 
the closing operation effectively delays 
the striking of the arc until the contacts 
have practically touched, and then 
promptly clears away the gases which are 
generated. Table II, test 1, shows the re- 
sults of a typical three-phase closing -open- 
ing test at 4,200 volts in which the breaker 
successfully closed against a peak current 
of 197,000 amperes and then tripped and 
cleared. Test 2 was an opening test at 
4,200 volts across a single-pole unit, in 
which the breaker cleared a current of 78,- 
000 rms amperes, initial in arc. 

In the course of making tests for design 
information, at reduced pressure levels, or 
with experimental timing of blast-valve 
opening with respect to contact separa- 
tion, occasional operations were encoun- 
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_ Cycles 
Initial Kva, From Trip Arc 
in Arc, Three Impulse to Length 
RMS Phase Interruption (Cycles) 
44,000 0.80 
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tered when the breaker did not clear, and 
in due course of time the fault was re- 
moved by the station back-up breaker. 
In such cases arcing continued within the 
interrupting chamber, melting contact 
parts, and destroying some of the material 
of the are chute. However, no damage 
resulted to the cell or enclosing structure, 
either by disruptive forces or by arcing. 
In all cases the breaker was again ready 
for service inside of two hours after merely 
replacing contact parts and barriers. 


Conclusions 


Oilless circuit breakers for indoor serv- 
ice are now available for the first time in 
interrupting ratings completely covering 
the range of oil breaker ratings. A num- 
ber of high-capacity units has been placed 
in service, and a 1,500,000-kva 15-kv 
triple-pole unit has been built and com- 
pletely tested. A review of the design 
and tests on the air-blast breaker brings 
out the following: 


1. Complete elimination of fire hazard 


2. Positive operation, with arcing time 
closely approaching the irreducible mini- 
mum 


3. Contacts and arcing compartment built 
for long life, and minimum deterioration 


4. Arcing contact exposed for ease of in- 
spection 


5. Flexibility of mounting arrangement, 
permitting either bottom, back, or top con- 
nections 


6. Space requirements equal to, or less than 
correspondingly rated oil breakers, which is 
of importance in modernization of old sta- 
tions or extensions of existing switchhouses 


a 


7. Simplicity and compactness of applica- 
tion to steel cubicle construction, which is 
easy to install, safely interlocked, and hav- 
ing all design features co-ordinated 


8. High inherent current-closing ability 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 


TRANSACTIONS 527 


A New 15-Kv Pneumatic 
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Synopsis: The demand for oilless circuit 
breakers of large interrupting capacity to 
meet the requirements of American practice 
directs attention toward an improved com- 
pressed-air circuit breaker which materially 
extends the present limitations as exempli- 
fied by continental designs. 

A brief historical review of the trend to- 
ward oilless-circuit-breaker development is 
given. The comparison is made of the avail- 
able methods of circuit interruption in air. 
The particular applicability of compressed 
air is stressed and a new circuit interrupter is 
described which can reach an interrupting 
capacity of 1,500,000 kva at 15,000 volts. 
Among the outstanding features of this in- 
terrupter are extremely high operating speed 
and rapid interruption with minimum 
energy dissipation. Test results are given 
indicating the adequacy of this type of de- 
sign. 


HE circuit-breaker art, almost from 

the time of its inception, has de- 
pended upon the use of oil as an interrupt- 
ing medium in the larger and higher-volt- 
age units. The choice of oil was based 
upon its excellent insulating properties 
and its remarkable arc-quenching ability. 
Oil, and its vapor, can be ignited, how- 
ever, and thus can constitute a serious fire 
hazard, as the result of abnormal circuit- 
breaker operation. This factor has long 
been recognized, but practical operation 
of electrical systems has demonstrated 
that oil fires directly chargeable to circuit- 
breaker failures have been negligible. Re- 
cently, however, growing demand on the 
part of operators and development of the 
principles of oilless circuit interruption in 
Europe have combined to strengthen the 
interest in oilless circuit breakers in this 
country. 

The first major contribution in the oil- 
less breaker field was the development of 
the De-ion air breaker in 1928.!' 2 Prior 
to this time, air circuit breakers had been 
used for many years with unquestionable 


Paper 40-64, recommended by the AIEE committee 
on protective devices, and presented at the AIEE 
winter convention, New York, N. Y., January 22- 
26, 1940. Manuscript submitted November 25, 
1939; made available for preprinting December 20, 
1939; released for final publication March 27, 1940. 


L. R. Lupwic is division manager, H. L. RawLrins 
is section engineer, and B. P. Bakrr is research en- 
gineer, Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa. 


1. For all numbered references, see list at end of 
paper. 
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success in lower-voltage circuits in which 
limited interrupting capacity was suffi- 
cient. The De-ion breaker, however, in- 
terrupted an arc in air using entirely new 
principles and so efficiently that it has 
been constructed for voltages up to 23 kv 
and for interrupting capacities as high as 
750,000 kva at 15 kv or 1,500,000 kva at 


Figure 1. Self-gen- 
erated-gas-blast cir- 
cuit breaker (shown 
in open position) TERMINAL—>CEpESy 


N 
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Figure 2. Oscillo- 
gram of test on self- 
generated - gas- blast 
circuit breaker show- 
ing interruption of 
30,000 amperes at 
13.2 kv 
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23 kv. Twenty-three kv is sufficient for 
virtually all indoor applications in this 
country. This breaker is completely self- 
contained and operates without an auxil- 
iary air system or the need of a replenish- 
able interrupting fluid. 

Greater interrupting capacities are con- 
tinuously being required, and the eco- 
nomic range of the De-ion breaker will 
not prove adequate for all requirements. 
For higher interrupting capacities to 
1,500,000 kva at 15 kv other forms of 
oilless breakers take on new attractions. 

The departure from oil in Europe began 
with the introduction of both compressed- 
air and water breakers in 1929 and 
1930.3-* The new trend was accelerated 
there because of the high price of oil and 
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Figure 3. Experimental chute for compressed- 
air breaker 


metals and because the limited capacities 
for which compressed air or water circuit 


_ breakers could then be built were suffi- 
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cient to meet European requirements. 
Considerable development has been done 
in Europe with both types of breakers. 
The field of application of oilless breakers 
in Europe is becoming extensive and for 
some manufacturers is including the 
higher voltage and outdoor types.7—* In 


_ America, by contrast, the immediate de- 


mand is limited to indoor oilless breakers 
and although the European developments 
may influence the American trend, the 
more limited interrupting capacities which 


Comparison of Principles of Air 
Circuit Interruption 


In choosing a suitable operating princi- 
ple for application to air circuit inter- 
ruption, an experimental review of avail- 
able methods was made. The results of 
this review will be described to present 
the background of reasons for the choice 
of interrupter finally reached. 


COMPRESSED-AIR ARC EXTINCTION 


In Europe, variations of the nozzle type 
of interrupter have become most popular. 
They consist of an orifice through which 
an arc is drawn or blown and then sub- 
jected to a very intense longitudinal blast 
of air. For the lower ranges of current 
and at system capacities where the volt- 


Figure 4. Com- 
pressed-air circuit 
breaker with vertical 
chute 
1—Chutes 


9—Terminals 
3—Moving contacts 
4—Operating cylin- 
der 
5—Storage tank 
6—Closing valve 
7—Opening valve 
8—Air valve for 
chute 
9—Insulated air tube 


they find acceptable will not be sufficient 
to meet our requirements. This is espe- 
cially true since European designs do not 
reach 1,000,000 kva, and American prac- 
tice requires 1,500,000 kva or more at 
generator voltage. 


age recovery rate after arc extinction is 
not too great, this type of interrupter is 
quite satisfactory. As the current or volt- 
age is increased the air requirements 
mount, until at 1,000,000 kva, pressures 
in excess of 200 pounds per square inch 
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Figure 5. Experimental chute for compressed- 
air circuit breaker after extended series of 
tests 


are required. The nozzle type of inter- 
rupter is, therefore, not appealing. 


SELF-GENERATED-GAS-BLAST BREAKERS 


In order to overcome the necessity of an 
external air-supply system, the blast of 
gas may be obtained by the decomposition 
of suitable materials. By selecting the 
proper material and arrangement, very 
high pressures of suitable gases may be 
obtained, and the energy to produce the 
gas pressure may be extracted from the 
arc itself during short circuit. 

Boric-acid fuses and De-ion protector 
tubes are excellent examples of devices 
operating on this principle. In Europe, 
circuit breakers have been produced com- 
mercially where a synthetic resin is used 
for producing the gas blast.!2 Two self- 
generated-gas-blast breakers have been 
developed by the company with which the 
authors are associated—one utilizes boric- 
acid in close proximity to the arc-drawing 
contacts with suitable boric-acid-lined arc 
chutes into which the arc is driven by the 
expelled arc gases. The other is a two-arc 
interrupter as shown in figure 1. One are 
is established through a conventional ori- 
fice and subjected to a longitudinal blast 
of gas in quite the same manner as used 
in continental compressed-air circuit 
breakers. The other arc is drawn in a 
space closely surrounded by gas-produc- 
ing walls. This arc is not relied upon to 
supply interrupting ability except for low 
values of current, but to supply the gas 
blast for the first mentioned arc. 

The interrupter consists of three essen- 
tial elements—the lower part which 
houses one set of contacts, and the gas- 
forming elements; the central part which 
cools the hot gases and as a result of the 
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energy thus extracted, liberates more gas 
and eventually delivers the thoroughly 
cooled and deionized gas to the interrupt- 
ing arc (which is located at the top of the 
interrupter) in such quantity and at sufh- 


Table I. Opening Tests on an Experimental 
Compressed-Ajir Circuit Breaker 


13.2 Ky Initial Voltage Applied to a Single- 
Pole Unit of a 15-Kv Circuit Breaker; 60 
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* Magnetic oscillograms of these tests are shown in 
figure 6. 
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Figure 6. Magnetic oscillograms from table | 


Fault current (amperes)—from left to right: 
1,350 12,700 35,000 47,800 51,800 


Recovery voltage (kv)—from left to right: 


she 19.4 12.4 AE lel 


ciently high pressure to handle very heavy 
currents. 

In this type of design the gas-forming 
parts must be shaped to supply sufficient 
gas for interruption at low currents with- 
out having excessive gas generation and 
pressure at high currents. Since the gas 
is obtained from solid surfaces in proxim- 
ity to an arc, repeated operations produce 
erosion that affects the amount of gas 
generation and the interrupting charac- 
teristics. These considerations, together 
with other factors, discouraged further 
work on this type of construction. 

The interrupter has handled currents 
up to 48,000 amperes at 7.6 kv and to 30,- 
000 amperes at 13.2 kv as shown by the 
oscillogram in figure 2. The arcing time 
for the high values of current usually did 
not exceed two half cycles yet pressures as 
high as 1,000 pounds per square inch were 
recorded. While this pressure may seem 
high, extrapolation from compressed-air 
requirements for this type of nozzle inter- 
rupter are quite comparable. The ratings 
desired, however, appear to be beyond the 
capacity which can be reached with this 
principle. 


MAGNETICALLY PRoDUCED AIR BLAST 


For many years magnetic fields have 
been used to extinguish arcs by blowing 
them into some type of are chute which 
lengthens and constricts the arc. Re- 
cently a new means of effecting interrup- 
tion with a magnetic field has been de- 
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scribed.*4 An interrupter of this type 
consists of parallel insulating plates 
spaced apart and slotted at the lower end. 
The arc is driven into this slot by means 
of a magnetic field. When the arc reaches 
the upper portion of the slot the magnetic 
field exerts a force on the electrons in the 
gas stream and gives them a component 
of velocity transverse to the arc. These 
electrons in turn bombard neutral gas 
particles, with the final result that a blast 
of gas is caused to flow upward through 
the arc path. When current zero is 
reached this blast of gas effectively intro- 
duces a strong deionizing action at the end 
of the slot, which effectively extinguishes 
the arc. 

Within the last two years two types of 
lower-voltage breakers have been de- 
veloped using this interrupting principle. 
The first type was for 600 volts and below 
and the second for potentials of 2,500 and 
5,000 volts. The lower-voltage devices 
have interrupted currents as high as 120,- 
000 amperes and the 2,500-volt inter- 
rupter satisfactorily clears currents up to 
50,000 amperes. 

The effectiveness of this principle is not 
sufficient for the interruption of currents 
as high as 60,000 amperes at 15,000 volts. 


Compressed-Air Interrupter 


A more effective air stream can obvi- 
ously be produced by utilizing compressed 


Table Il. Opening Tests on an Experimental 
Compressed-Air Circuit Breaker 


13.2 Ky Initial Voltage Applied to a Single- 
Pole Unit of a 15-Kv Breaker; 60 Cycles 
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‘Table Ill. Opening and Closing-Opening Tests on an Experimental ones: Air 
Circuit Breaker 
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in Tank 
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*Magnetic oscillograms and cathode-ray oscillograms of these tests are shown in figures 7 and 8 respectively. 


{Magnetic oscillogram of this test is shown in figure 9. 


air in the type of arc chamber just de- 
scribed. In this case the magnetic field is 
no longer necessary. Tests were made 
with this structure which indicated greatly 
increased interrupting capacity. An ex- 
ternal air-supply system must be provided 
of course, but in view of the extremely 
high interrupting ratings which can be 
achieved in very small space, the use of 
compressed air in conjunction with an arc 
chamber of the type described appeared 
to be the most feasible method of proceed- 
ing toward the design of a breaker having 
sufficient interrupting capacity to meet all 
indoor requirements. A comparison of the 
interrupting ability of a compressed-air 
device built in this manner, with known 
types of compressed-air breakers utilizing 
nozzles for interruption, indicated that an 
air stream perpendicular to the arc path 
in conjunction with insulating plates was 
much superior. 

The contacts and surrounding walls are 
arranged so that the arc is blown by the 
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air stream from its point of inception 
against suitableinsulating splitters. There 
the are remains practically stationary and 
substantially perpendicular to the gas 
blast throughout the arcing period. Dur- 
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ing this time the gas is allowed to escape 
around the sides of the arc, freely enough 
to prevent building up of pressure suffi- 
cient to interfere with the continuity of the 
are stream and at the same time sweeps 
the excess ionization from around the arc 
out into the space beyond the splitters. 
Thus, as the current zero approaches, the 
residual ionization associated with previ- 
ous high current has been removed with- 
out high are voltage, and the time between 
current zero and restored voltage becomes 
adequate for interruption even though the 
voltage recovery rate is high. 

The next important requirement is to 
cool and deionize the gases sufficiently be- 
fore allowing them to escape beyond the 
splitters, to prevent flashover on the out- 
side. Further cooling is necessary for the 
higher kilovolt-ampere ratings to prevent 
excessive external demonstration. Both 
of these problems are solved by suitable 
coolers and mufflers described later. 

Aside from the considerations of inti- 
mate association of the gas pressure, arc 
behavior, and splitter performance, there 
are other practical reasons that favor the 
cross-blast type of construction over the 
longitudinal blast. These considerations 

(1) the ability with a blast of air di- 
rected at right angles to the direction 
of contact separation to sweep the arc 
quickly from the contacts, thereby per- 
mitting both main and arcing contacts to 
remain in the chute; (2) the ability to in- 
crease the cross-sectional area of the main 
current-carrying member within wide 
limits, without affecting any of the parts 


Figure 7. Magnetic oscillograms from table III 


Fault current (amperes)—from left to right: 


6,200 15,800 29,000 40,000 
Recovery voltage (kv)—from left to right: 
Alea 27 12.4 12.6 
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Figure 8. Cathode-ray oscillograms corre- 
sponding to those of figure 7 


involved in arc extinction. These two fac- 
tors simplify the construction of the 
breaker and are of particular importance 
on the heavier current units of the power- 
house class. 

An experimental arc chute as shown in 
figure 3 was built along these lines for test. 
This form of interrupter is flexible and can 
be adapted to a breaker design as shown 
in figure 4, or it can be disposed horizon- 
tally, depending on the application require- 
Figure 5 shows an open view of 
this same chute after having successfully 
interrupted 45 short circuits at currents 
varying from 1,000 to 50,000 amperes at 
13,200 volts as listed in table IIT. During 
the tests the interrupter was in a hori- 
zontal position on the breaker. After 
these tests the contacts were found to be 
in excellent condition. There was some 
erosion of the splitters as may be seen, 
however, this erosion was not sufficient to 
render them unfit for further service. 

Referring to figure 5, (1) is the sta- 
tionary contact from which the moving 
contact (2) is withdrawn pulling an arc 
along the path (3). This arc under the 
action of a blast of air from the orifice (4) 
is driven into intimate contact with the 
splitters (5) along the path (6). The arc 
gases expelled from the throat impinge 


ments. 
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first on the copper buffer plates (7) which 
perform the first cooling and deionizing 
action on the arc gases. The partially 
cooled and deionized gases then pass on 
through the cooling and diffusing screens 
(8) that cool and diffuse the arc gases ef- 
fectively preventing external flame and 
disturbance. 


TEST RESULTS 


Tables I, II, and III show the results 
of three typical series of single-phase tests 


using the arc chute shown in figure 3. 


z 


en Lwiriac Vocrace 


During these tests the pressure in the tank 
varied between 105 and 150 pounds per 
square inch. The pressure in the arc chute 
was measured with an instantaneous re- 
cording telemeter. This pressure was 
negligible except during the arcing period. 
The effect of the arc acting as an impedi- 
ment to the free escape of air caused a 
temporary build-up in pressure back of 
the arc which in some cases almost 
equalled the tank pressure. 

The arcing time was generally less than 
that corresponding to one-half cycle of 
current. Sometimes when the current was 
highly asymmetrical arcing would con- 
tinue over one entire current loop which 
would lengthen the time to over one-half 
cycle. The breaker rarely passed up an 
opportunity to clear if the contacts were 
parted one-half inch or more when a cur- 
rent zero occurred. 

Tables I and II show currents ranging 
from approximately 1,000 amperes to 52,- 
000 amperes with 13.2 kv across a single- 
pole unit. 

Figure 6 shows typical oscillograms 
taken from table I at 1,000, 12,700, 35,- 
000, 48,000, and 53,000 respectively. The 
oscillograms from table II are all very 
similar to the ones shown in figure 6. 

Table III shows a series of 45 tests cov- 
ering the same current range. On some of 
these tests cathode-ray oscillograms were 
obtained, these together with the mag- 
netic oscillograms shown in figures 7 and 
8 are of interest in proving that the opera- 
tion of the breaker is consistently fast and 
dependable even on a circuit with a 
natural oscillatory frequency of 28,300 
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cycles per second, and a circuit transient 
recovery voltage rate of 2,200 volts per 
microsecond. On this circuit the test 
transient recovery voltage rate was 1,380 
volts per microsecond as shown for test 
19. The transient recovery voltage rate 
is given as the slope of the tangent to the 
recovery voltage wave. It is obtained by 
dividing the maximum voltage by the 
time of one-half cycle of natural frequency 
and multiplying by 1.15. This method is 
used because the recovery transient con- 
sists essentially of a single sinusoidal com- 
ponent. 

Figure 9 shows a typical closing-open- 
ing test. The ability of this breaker to 
close in on high current without showing 
any evidence of distress is noteworthy. 

Figure 10 shows an oscillogram of the 
highest current interrupted. It was ob- 
tained during a fourth run similar to the 
one shown in the tables. This film shows 
satisfactory interruption of 65,300 am- 
peres rms at 13.2 kv, single phase. 

These interruptions were obtained with 
negligible external demonstration in the 
form of ionized flame. Noise accompany- 
ing the interruption is held to acceptable 
limits by the arc chamber design as shown. 
A particularly significant feature of all 
tests is the high mechanical speed of the 


Table IV. Summary of Information From Cathode-Ray Oscillograms 
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Figure 10. Oscillogram showing interruption 
of 65,300 rms amperes at 13.2 kv, single 
phase 


breaker contacts. It is possible to sepa- 
rate these contacts two inches in one-half 
cycle. This high speed is the effect of 
properly using an air mechanism to oper- 
ate the breaker. Very high opening and 
closing forces can be exerted on the piston 
which is moved in the cylinder by the 
compressed air itself to actuate the con- 
tacts. Springs which would give com- 
parable operating speeds would represent 
a nearly impossible mechanical design. 
It is also a simple matter properly to con- 
trol the air cylinders to stop the contacts 
and their associated operating rods with- 
out undue jar on rebound at the end of the 
opening stroke. 

A compressed-air interrupter of the 
type described appears to be particularly 
tugged and to handle repeatedly inter- 
ruption of the highest currents without 
excessive damage. The low energy input 
into an interrupting chamber of this type 
which is the function of careful design to 
minimize the arcing time, to approxt- 
mately one-half cycle, and to keep the 
are drop low during the arcing period, is 


Circuit Transient 
Recovery Voltage 


Test Transient 
Recovery Voltage 


Test Frequency Crest Rate Rate 
Number (Cycles/Sec) Voltage (Volts/Microsec) (Volts/Microsec) 
‘asl SAC TAURI One SES OO lara ts etcvake iat ei VaO | OOO tana tenace ss) erode ot ore 920 1,050 
MS ra oe tape fete are a © ee OO at diehs-sastayeiaiaia © D1 SOO Pervez 1,150 1,820 
cdi B-Jr Ga Ae Ra Om tee DS AQQ cate ne stiata aioe 21,600 1,210 1,890 
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* Magnetic oscillograms and cathode-ray oscillograms of these tests are shown in figures 7 and 8 respectively. 
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primarily responsible for reliability with- 
out excessive erosion. 


Conclusions 


The search for improved forms of dry- 
type circuit interrupters suitable for inter- 
ruption of 1,500,000 kva, at 15,000 volts, 
indicates that the use of a compressed-air 
stream transverse to an are is the most 
effective. Currents as high as 65,300 am- 
peres have been interrupted at 13,200 
volts single phase with a contact separa- 
tion of approximately two inches, which 
can be mechanically obtained in one-half 
cycle. A breaker utilizing these new 
principles of interruption makes possible 
new standards of system protection be- 
cause of its high operating speed, com- 
plete freedom from oil and associated fire 
hazard, and remarkably high interrupting 
capacity in terms of the space required by 
the breaker. 
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Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 


TRANSACTIONS 533 


What Wood May Add to Primary 
Insulation for Withstanding Lightning 


J.T. LUSIGNAN, JR. 


MEMBER AIEE 


N power-transmission lines, wood, 

serving certain structural functions, 
simultaneously may provide supplemen- 
tary insulation against lightning if prop- 
erly chosen and applied. However, to 
sustain the power-frequency voltage, 
adequate primary insulation in the form 
of porcelain insulators or the like is essen- 
tial. 

These facts have been rather well 
known for some time, but in degree the 
ability of wood to withstand lightning has 
not been thoroughly determined. In the 
laboratory study described two years 
ago,! this phase was partially covered. 
It is the purpose of this paper to describe 
the results of a testing program in the 
same laboratory, treating of all factors 
which it was felt could affect the lightning 
or impulse strength of wood. 

Nothing relating to the 60-cycle 
strength of wood will be given here, for, 
as outdoor insulation against sustained 
power-frequency voltage, wood, with its 
internal moisture, is generally considered 
quite ineffective. For briefly applied 
surges, such as lightning or switching 
transients below flashover voltage, the 
moisture content is not damaging to the 
wood. However, for sustained 60-cycle 
voltages, the electrolytic nature of the 
moisture allows leakage currents which 
ultimately cause burning and charring of 
the wood. As intimated above, it is the 
purpose of effective primary insulation 
in series with the wood to check this 
action. 

It will be shown below that the degree 
to which wood will supplement porcelain 
against lightning depends almost entirely 
upon its length and internal moisture, and 


Paper 40-25, recommended by the AIEE committee 
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little upon its creosoting treatment, cross 
section, or kind. Considerable test data 
were obtained in this study and numerous 
curves and tables developed: directly 
therefrom. In the interest of brevity and 
clarity, practically all of these original 
curves are omitted here and only so-called 
“working curves’? which were derived 
from the originals, are included. Ac- 
cordingly, most of the kilovolts of in- 
sulation plotted involve actual supple- 
mentary wood insulation values to be 
added directly to the impulse kilovolts 
of the associated insulators. Likewise, 
ratios and percentages are used for ex- 
pressing the effects of certain wood prop- 
erties upon the insulation strength of 
wood. 


Nature of Test Equipment and Data 


The various stages of the 3,000,000-volt 
impulse generator at the Barberton high- 
voltage laboratory of the Ohio Brass 
Company were used in these tests. The 
generator itself was always adjusted for 
the standard 11/,x40-microsecond wave. 


For tests on the wood specimens alone, 
voltage was applied between braided 
metallic bands tightly wrapped about 
the wood. This was felt to simulate 
electrically most hardware conditions 
in service. In the case of a combined 
insulator and wood test, voltage was 
applied to the conductor attached to the 
insulator while the braided band was 
adjusted along the wood member and 
grounded. For all tests, the specimens 
themselves were suspended at sufficient 
distances from nearby grounded objects to 
eliminate interference with the electro- 
static fields being studied. 


On practically all specimens, complete 
volt-time curves were taken with both 
positive and negative polarities, cathode- 
ray oscillograms being secured for every 
impulse. To allow compactness of pres- 
entation, however, curves are given 
showing flashover voltages at only the 
two-microsecond and ‘critical’ (for- 
merly termed ‘50-50” or “minimum” 
points. It is felt that the two-micro- 
second point represents direct-stroke 
conditions of average severity while the 
critical flashover values allow compu- 
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tations for induced voltages and other 
long-wave conditions. 


Flashover Voltages of 
Structure Parts 


As pointed out above, any structure 
design computations made from infor- 
mation in this paper require the addition 
of the supplementary wood values from 
certain curves to actual insulator flash- 
over values. Figures 1 and 2 provide the 
necessary flashover data of a pin-type 
and a suspension insulator for use in 
typical examples in this paper. 

Figure 3 affords rod-gap data for assist- 
ing in designing so-called ‘“‘horn gaps” for 
wood members. As will be shown by 
later examples, such gaps can be made 
to protect parallel crossarm or pole 
paths if adjusted to have lower flashover 
strengths. The proper crossarm and 
pole data for this comparative study is 
provided in the curves of figures 4 and 5. 
No measurable difference was found for 
surges of the two polarities so that the 
curves of these two figures represent the 
average of all data. The data from 
figures 4 and 5 are only for comparison 
with other parallel flashover paths, such 
as air gaps or insulators, and they are 
not to be added to other insulation in 
series. 


Flashover Voltages Added 
to Porcelain by Wood 


In figures 6 to 9 are given the supple- 
mentary impulse insulation strengths 
afforded porcelain insulators by different 
lengths of various wood members. For 
each case the flashover data from the 
curve must be added to the corresponding 
flashover data of the insulator chosen in 
order to have the total lightning or im- 
pulse strength of the combination. The 
supplementary insulation values which 
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53/4-inch suspension insulators 


pole sections add to pin-type crossarm 
combinations (figure 6) are shown in 
figure 10. 

All wood insulation values in figures 
4 to 10 inclusive, except for cedar and 
newly creosoted pine poles in figure 5, 
are based on tests on wood with an aver- 
age moisture content of about 15 per 
cent. 

Data, described in the paper referred 
to above,! indicated that the total insula- 
tion strengths of insulator and wood 
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combinations could be calculated by 
multiplying the sum of the individual 
flashover strengths by certain constants. 
Subsequent and more numerous data, 
however, tend to prove that more ac- 
curate calculations can be made by the 
use of curves such as given in figures 6 to 
10. Also, an analysis of the electrostatic 
conditions involved tends to bear this 
out. For example, the effect of changing 
the constants of one member, such as by 
lengthening indefinitely the crossarm 
supporting the insulator, cannot always 
allow the actual flashover voltage to be 
the same percentage of the sum of the 
insulator and arm flashover voltages. 


Factors Influencing 
Impulse Insulation Values 


Cross SECTION 


Previously published data! indicated 
that the impulse flashover voltage of 
wood decreases as its cross-sectional area 
is increased. This subsequent investi- 
gation, however, shows that certain other 
factors have greater effects and that cross- 
sectional area is of secondary importance. 

Another related factor which may affect 
the flashover voltage is the distribution of 
the wood cross section, as exemplified by 
solid and multiple-plank crossarms with 
equal cross-sectional areas. The ratios 
in figure 11 are the result of flashover 
tests upon a number of combinations of 
insulators and creosoted pine timbers. 
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The latter were first tested as six by 
eight-inch solid crossarms and then sawed 
and retested as three by eight-inch 
double plank crossarms. The average 
ratio for the positive critical flashover is 
about 0.96 and that for the negative is 
about 1.02, indicating that as far as the 
impulse flashover voltage is concerned, 
there is little to be gained by the choice 
of one type of construction over the 
other. However, a definite advantage is 
gained with the double-plank crossarm 
in that a lightning stroke damages only 
one member and leaves the other intact 
for supporting the line. 


CREOSOTE TREATMENT 


Since wood used in power-line struc- 
tures may be creosoted, it is desirable to 
know the effects on flashover voltages of 
the various kinds of creosote, degrees of 
retention, and methods of treatment. A 
number of flashover tests were made on 
three-foot sections of newly creosoted 
green pine crossarms in series with three 
10 by 53/s-inch suspension insulators. 
Light creosote with retentions of eight and 
ten pounds per cubic foot of wood, and 
heavy creosote with a ten-pound retention 
were used in the preparation of the test 
specimens. Results of these tests, some 
of which are shown in figure 12, indicate 
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that no appreciable difference is caused 
by the various grades of creosote or re- 
tentions. Still other tests indicate that 
the flashover voltage of wood is about 
the same when treated by different com- 
mercial creosoting processes. 

In order to study the relative flash- 
over voltages of creosoted and untreated 
wood, several pairs of specially prepared 
dry pine timbers were tested. Each pair 
was obtained from the same original 
plank, and only one of each pair was 
creosoted. The results, shown in figure 
18, indicate that creosoting reduces the 
flashover voltage of the combination of 
wood and suspension insulators only 6 or 
7 per cent. 

Pine used in power-line structures is 
usually creosoted while Douglas fir may be 
used either untreated or creosoted. Vari- 
ous tests show that there is no appreciable 
difference between the flashover voltages 
of untreated and creosoted Douglas fir, 
either by itself or in combination with in- 
sulators. Accordingly, all of the flash- 
over curves from figures 4 to 10 inclusive 
which include Douglas fir may be used 
for both creosoted and untreated wood. 


RAIN 


Since lightning is usually accompanied 
by rain, it seemed desirable to know the 
effects of rain on the impulse insulation 
of wood. It had been reported previ- 
ously! that rain may reduce the impulse 
flashover of wood structures by as much 
as 50 per cent. 

In order to determine whether such a 
reduction is caused by rain in the air, and 
on the insulator and wood surfaces, or by 
the moisture penetration into the wood, 
a special series of tests was made. A 
dry Douglas-fir crossarm was completely 
covered with several coats of lacquer to 
keep out moisture and subjected to dry 
and wet flashover tests. The wet tests 


025-5 


KILOVOLTS . 


“—— NEW UNTREATED RED CEDAR 


~-— OLD CREOSOTED PINE(IOYEAR 


0 2 4 6 & 10 12 
FEET OF WOOD 


Figure 5. Impulse flashover voltages of wood 


poles 


536 TRANSACTIONS 


were made using standard AIEE rain 
(precipitation 0.2 inch per minute; 
resistivity, 7,000 ohms per inch cube). 
Similar tests were made upon unlacquered 
Douglas fir, red elm, and red oak, these 
woods being chosen because of their dense 
structure. The results of these tests are 
presented in figure 14 as the ratio of wet 
to dry flashover voltage. 

As shown, the critical flashover voltages 
of the unlacquered woods are reduced on 
the average to about 65 or 70 per cent of 
the dry flashover values, and the two- 
microsecond to about 75 or 80 per cent. 
Those of the lacquered crossarms showed 
a change of less than 10 per cent. The 
ratios exceeding unity for the lacquered 
arm are probably the result of the in- 
creased dielectric strength of air under 
rain conditions. Since the flashover 
value of each unlacquered crossarm was 
reduced considerably by the rain while 
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Figure 6. Impulse insulation added to pin- 


type insulators by crossarms 


that of the lacquered arm was practically 
unchanged, it seems logical to presume 
that the penetration of moisture into the 
wood is the fundamental cause of the 
observed reduction. 

The effect which the duration of rain 
has upon the impulse insulation of wood 
and insulators is indicated in figure 15. 
The tests here were made on four-unit 
insulator strings suspended from four- 
foot sections of both untreated Douglas- 
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Figure 7. Impulse insulation added to suspen- 
sion-insulator strings by wood crossarms 
(creosoted pine or Douglas fir) 


fr and creosoted-pine crossarms. The 
greatest reduction in flashover voltage 
seems to occur within a very few minutes 
after the rain starts, negligible change 
resulting thereafter. 

While rain definitely reduces the im- 
pulse insulation of wood structures, there 
is always a chance that the wood may not 
be wet at the instant it is subjected to a 
lightning voltage. Furthermore, the 
standard rate of precipitation used in 
these tests far exceeds the usual rate of 
natural storms. Accordingly, it is pos- 
sible that the flashover voltage may not 
decrease as rapidly as indicated in figure 
15. In general, therefore, the actual 
reduction factor for rain for a given con- 
dition appears to be a matter of probabil- 
ity. 
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Figure 8. Impulse insulation added to pin- 
type insulator by pole sections (creosoted 
pine) 
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Figure 9. Impulse insulation added to suspen- 
sion-insulator strings by pole sections (creo- 
soted pine) 


MOISTURE CONTENT 


The results of the various rain tests 
indicated that moisture penetration into 
the wood was responsible for the reduc- 
tion of its impulse flashover voltage. 
Furthermore, it had been observed that 
green wood has a lower flashover voltage 
than equivalent dry wood. Accordingly, 
it seemed desirable to conduct a syste- 
matic investigation of the effects of in- 
ternal moisture upon the impulse flash- 
over voltage of wood. 

Figure 16 gives results of flashover 
tests on four-unit strings of 10 by 5°/s- 
inch insulators suspended from four-foot 
sections of creosoted-pine crossarms with 
moisture contents varying from 12 to 93 
per cent. Similar tests were made on 
the same crossarms without insulators. 
Other tests were also made on similar 
arrangements of untreated Douglas-fir 
crossarms with controlled moisture con- 


tents. 
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The results of this study are presented 
in figure 17 as the ratio of the flashover 
voltage at any moisture content to the 
flashover voltage at 15 per cent moisture 
content. The latter is usually considered 
the average for dry wood in moisture 
equilibrium with the atmosphere. 

When wood with internal moisture is 
placed under electrical stress, electrolytic 
conduction may occur within it. This 
might influence the electrostatic field 
of the wood, and therefore, its flashover 
voltage in combinations with insulators. 
The degree to which this would take 
place may vary with the different woods 
because of their internal cellular struc- 
tures. This may account for the differ- 
ence in behavior of the several woods in 
the curves of this paper. The amount 
of voltage reduction introduced by in- 
ternal moisture also may be dependent 
upon the duration of the transient, as 
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Figure 10. Impulse insulation added to com- 
binations of pin type with crossarm by sections 
of poles (creosoted pine) 


time is required for electrolytic conduc- 
tion. This may be a possible explanation 
of why the two-microsecond flashover 
voltage (figure 17) is influenced less than 
the critical by the internal moisture. 

From figure 5, the critical flashover 
voltage of eight-foot sections of newly 
creosoted pine poles is about 720 kv while 
that of old poles is about 1,200 kv. The 
ratio of these flashover voltages is about 
0.60, which corresponds to a moisture 
content of about 33 per cent on the creo- 
soted pine curve in figure 17. The newly 
creosoted pine poles were presumably 
green wood while the old poles were fairly 
dry, having been in service for several 
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years. A moisture content of 33 per 
cent is a reasonable value for green wood 
and, accordingly, it would seem that the 
curves shown for crossarms (figure 17) 
may be satisfactory for poles as well. 

As shown by the curves of figure 17, an 
immediate increase of impulse insulation 
strength may be secured by predrying 
wood to its equilibrium value before it is 
installed on transmission-line structures. 
On the other hand, the insulation value 
of green wood will increase gradually to 
the same level as its internal moisture ap- 
proaches equilibrium with that of the 
atmosphere. Accordingly, the choice be- 
tween predried and green wood appears 
to be a matter of economics. 


Spread of Data 


All curves presented in figures 4 to 10 
inclusive represent the average of numer- 
ous data points, which lie within +15 to 
+20 per cent of the average. These 
rather wide limits are believed to be the 
result of inherent structural variations 
within the wood itself which influence 
its impulse flashover voltage. 

Critical flashover tests were made on a 
group of about 60 newly creosoted piné 
poles, each pole being subjected to the 
same test procedure. These flashover 
voltages ranged from 490 kv to 836 ky, 
averaging about 675 kv. The spread of 
data with respect to the average was as 
follows: 
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In the above table 92 per cent of all 
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Figure 11. Comparison of impulse flashover 
voltages of single- and double-plank cross- 
arms with pin-type and suspension insulators 
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Figure 12. Effects of various creosotes and 
retentions upon impulse flashover voltages of 
pine crossarms with suspension-insulator strings 


the tests are included in a +20 per cent 
spread while a +25 per cent spread in- 
cludes all but one test. Similar dis- 
tributions of test values would probably 
be found for various combinations of in- 
sulators and wood, although the spread 
in the above tabulation of green-pole 
data is probably as great as would ever be 
found. 

When the curves of figures 4 to 10 in- 
clusive are used for estimating the flash- 
over voltage of a given structure, the 
result obtained will represent the average 
flashover voltage of a large number of 
similar structures. For example, if tests 
were made on 100 similar structures the 
average of these test values would prob- 
ably agree quite closely with the esti- 
mated average and 90 to 95 per cent of 


\Y2x40 MICROSECOND WAVE 


Table I. 


Flashover of dry wood (figure 4) im kv........-++00+ 
Assumed moisture content in per cent......-..++005 
Reduction factor (figure 17).....sseerersecneoseree 
Flashover of green wood in Kv,.........+eeseeerees 
Rod gap having flashover equal to that of green wood 

(figure 8) im inches... ..sserrccceescrsstrerences 


these tests would lie within a +20 per 
cent band. 


Application of Curves 
to Typical Problems 


GENERAL PROCEDURE 


By means of the curves in this paper 
it is possible to estimate the various 
impulse flashover voltages of numerous 
combinations of insulators and wood. 

The first step is to obtain the flashover 
voltage of the insulator, either from 
figures 1 or 2 or from other reliable 
sources. The second step is to deter- 
mine from the proper curve the kilovolts 
of insulation added by the wood and add 
it to the flashover voltage of the in- 
sulator. The result will be the average 
flashover voltage of the given combination 
of insulator and wood with a moisture 
content of about 15 percent. If the wood 
is green, this flashover voltage should be 
multiplied by the proper reduction factor, 
selected from the curves of figure 17 for 
the known moisture content of the wood. 
The moisture content of creosoted green 
pine may vary from 30 to 60 per cent, 
and in cases where the actual moisture 
content is unknown, an average value of 
35 per cent would probably give satis- 
factory results. Green fir and cedar can 
be expected to be no higher than 35 per 
cent in moisture content. Incidentally, 
this may account for the flashover volt- 
age curve of new cedar poles in figure 5 
being higher than that of new creosoted 
pine poles. 

In case the flashover voltage under 
rain conditions is desired, the flashover 
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voltage, estimated for the combination 
of insulator and dry wood, should be 
multiplied by the proper reduction fac- 
tor. From the results presented in figures 
14 and 15, it would appear that a factor 
of 0.65 to 0.70 for critical flashovers and 
0.75 to 0.80 for two-microsecond flash- 
overs of either polarity would be suitable 
reduction factors due to the rain. 

Tests previously discussed have indi- 
cated that the reduction in impulse 
flashover voltage caused by rain is due 
primarily to moisture penetration into 
the wood and not to a reduction in the 
impulse flashover voltage of the insulators 
or the surrounding air. Therefore, it 
seems a reasonable presumption that the 
impulse flashover voltage of a green 
crossarm with a high moisture content 
should not be lowered appreciably by 
rain. Accordingly, both a moisture- 
content reduction factor and a rain re- 
duction factor should not be applied 
to the estimated flashover voltage for 
dry wood. The factor giving the lower 
flashover voltage would be the proper 
one to use in estimating the flashover 
voltage under adverse conditions. 


EXAMPLES 


The following examples are presented 
to illustrate several applications of the 
curves in this paper and to demonstrate 
the agreement of estimated with actual 
test values, 


Figure 13. Effect of creosote treatment of 
wood upon its impulse flashover voltage with 
and without insulators 
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Example 1. In this example the dry 
and wet impulse flashover voltages of a 
69-kv pin-type insulator and four feet of 

-creosoted pine crossarm are determined. 
Positive Critical 


Flashover of insulator (figure 1) 260 kv 
Insulation added by wood (fig- 

ure 6) 410 kv 
Estimated flashover, dry 670 kv 
Actual test value, dry 690 kv 
Ratio of estimated to actual 0.99 
Reduction factor due to rain 0.65 
Estimated flashover, wet 435 kv 
Actual test value, wet 445 kv 
Ratio of estimated to actual 0.98 


The negative critical, and positive and 
negative two-microsecond flashover volt- 
ages may be estimated in a similar man- 
ner. 

Example 2. In this example the esti- 
mated voltage is for phase-to-phase flash- 
over between conductors supported by 
two 33-ky pin-type insulators on the 
same 22-inch creosoted pine crossarm 


with two wood sections between phases 


such as results from the use of metal 
crossarm braces. When an impulse is 
applied between conductors, each com- 
bination of insulator and wood section is 
subjected to an impulse of opposite polar- 
ity from the other. Accordingly, the 
procedure is to estimate the positive and 
negative critical flashover voltages for 
one insulator and wood section, add these 
two estimates together, and multiply by 
a factor of 0.85. The latter is chosen 
because tests have indicated that when 
two such combinations are placed in 
series the resulting flashover voltage 
averages about 0.85 of the sum of the 


A—Douslas fir, lacquered, test 1 
B—Douslas fir, lacquered, test 2 
C—Red elm, untreated, test 1 
D—Red elm, untreated, test 2 
E—Red oak, untreated, test 1 
F —Red oak, untreated, test 2 
G—Douslas fir, untreated, test 1 


Test 1—Four feet of wood plus a four-unit 
string of 10 by 5/,-inch suspension insulators 


Test 9—Four feet of wood plus one 69-kv 
pin-type insulator 


RATIO OF WET TO DRY 
FLASHOVER VOLTAGES 


POSITIVE NEGATIVE 
CRITICAL FLASHOVER 


SEPTEMBER 1940, Vov. 59 


POSITIVE 
2 MICROSECOND FLASHOVER 


flashover voltages of the individual 
combinations. Similarly, a factor of 
1.00 has been determined for the two- 
microsecond flashover. There is evidence 
that the same procedure will prove satis- 
factory for strings of suspension insulators 
in place of pin type. 


Critical Flashover 
Positive critical flashover 


of pin type 200 kv 
Insulation added by wood 

(figure 6) 165 kv 
Total, positive 365 kv 
Negative critical flash- 

over of pin type 255 kv 
Insulation added by wood 

(figure 6) 130 kv 
Total, negative 885 kv 
Sum, positive and nega- 

tive 750 kv 
Reduction factor 0.85 
Estimated flashover, posi- 

tive or negative 640 kv 
Actual test value, positive 620 kv 
Ratio of estimated to 

actual, positive 1.03 
Actual test value, nega- 

tive 650 kv 
Ratio of estimated to 

actual, negative 0.98 


The method of estimating used in this 
example naturally gives the same value 
for both polarities and actual tests indi- 
cate that there is little difference between 
the positive and negative flashover volt- 
ages of this combination of wood and in- 
sulators. 

Example 3. In order to avoid shatter- 
ing of crossarms when struck by light- 
ning, parallel horn gaps are sometimes 
used which have shorter spacings than the 
sections of wood being protected. The 
intention is to have the flashover voltage 
of the horn gap somewhat lower than that 
of the wood in parallel with it, so that 
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Figure 14. Effects 
of rain upon impulse 
flashover voltages of JA00 
combinations of 
wood and insulators 1200 
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Figure 15. Effect of standard AIEE rain dura- 
tion on critical impulse flashover voltage of 
suspension-insulator string and wood crossarm 


flashover will occur over the gap and not 
along or in the wood. 

Using the rod gap curves of figure 3 and 
the crossarm curves of figure 4, it is pos- 
sible to estimate horn-gap spacings which 
will protect wood. Table I illustrates 
how such an estimate is made. 

To protect the crossarm, it is evident 
that a 25-inch gap would be the longest 
permissible. In a series of tests run on 
six-foot sections of four creosoted pine 
crossarms, the protective gaps were 
found to be 24, 24, 25, and 27 inches, 
which are in good agreement with the 
above estimates. 

Example 4. Horn gaps are occasionally 
used on poles in series with the down-lead 
to increase the impulse insulation of the 
pole top with respect to ground. A single 
pole gap with a 30-inch spacing is oc- 


Figure 16. Effects of moisture contents of 
wood upon impulse flashover voltages of wood 
crossarms with suspension-insulator strings 
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casionally used in parallel with about 
94 inches of wood. The example in table 
II shows that such a gap adequately pro- 
tects the wood, even if it is newly creo- 
soted pine. 

The excellent agreement between the 
actual test values and the flashover volt- 
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Figure 17. Ratio of impulse flashover voltages 


for various moisture contents relative to 15 per 
cent moisture 


A—Critical flashovers, crossarms with suspen- 
sion insulator strings 
B—Critical flashovers, crossarms alone 
C—Two-microsecond flashovers, crossarms 
alone or crossarms with suspension insulator 
strings 


age of the equivalent rod gap indicates 
that rod gap curves may be used for esti- 
mating horn-gap flashover voltages with 
a fair degree of accuracy. 

Example 5. In H-frame wood struc- 
tures it is sometimes desirable to have the 
flashover voltage of the insulator string 
and crossarm somewhat greater than that 
of the horizontal air gap between line 
conductor and down-lead on the pole to 
protect the crossarm from shattering. 
In this example, the number of suspension 
insulators necessary to force the flashover 
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Table Il. Thirty-Inch Protective Pole Gaps on 94 Inches of Newly Creosoted Green-Pine Poles 


Flashover of 94 inches of pole (figure 5) inkv........ 
Flashover of 30-inch rod gap (figure 3) in kv....... 
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Required Number of Suspension Insulators on Six Feet of Creosoted Pine Crossarm 


to Force Flashover on Six-Foot Air Gap to Down-Lead 
ee ee eee 


Flashover of six-foot rod gap (figure 3) inkv....... 
Flashover of crossarm with the following number of 


suspension insulators (figures 2 and 7) in kv: 
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to occur on the horizontal gap is deter- 
mined (table III). 

From table III, it is evident that the 
nine-unit insulator string is the shortest 
causing flashover voltages higher than all 
corresponding voltages of the rod gap. 
Accordingly, it should be expected to 
give the desired crossarm protection. 
In a series of actual tests on creosoted 
pine crossarms, a ten-unit string was re- 
quired to cause flashover along the desired 
path. 


Conclusions 


1. Properly selected and controlled wood 
may add appreciably to the lightning insu- 
lation of a line. The magnitude is more or 
less in proportion to the wood length and 
may be estimated from curves presented in 
this paper. 


2. Almost without exception, the lower 
the moisture content of wood the higher 
will be its supplementary lightning insula- 
tion value; in particular, reducing the 
moisture content from an average green- 
wood value of about 35 per cent to an aver- 
age moisture equilibrium value of about 
15 per cent may nearly double the insula- 
tion strength of creosoted pine structures, 
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and raise that of fir structures by about 
one-fourth. The increase for various mois- 
ture contents may be estimated from figure 
ile 


3. During a rain storm, the lightning insu- 
lation strength of structures utilizing wood 
as supplementary insulation may suffer 
reductions to as low as 65 per cent of the 
dry flashover voltage within two or three 
minutes after the start of rainfall; further 
reduction, with continuation of the rain, is 
inappreciable. 


4. The supplementary lightning insulation 
strength of wood is not appreciably altered 
by the grade of creosote, degree of retention, 
or creosoting process used in its treatment. 
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Synopsis: This paper is a presentation and 


discussion of the more important results 
obtained in a series of extensive tests made 
on bushing current transformers. In addi- 
tion to the determination of the ratio and 
phase-angle characteristics, tests were made 
to determine the division of current in inter- 
connected secondary circuits for conditions 
simulating actual faults in the primary cir- 
cuit. It is also shown that most of the re- 
sults obtained from the tests may be readily 
calculated from the excitation-current data. 


N the application of protective relays 

for transmission and high-voltage dis- 
tribution substations, it is vitally impor- 
tant to give careful consideration to the 
ratio and phase-angle characteristics of 
the bushing current transformers used as 
accessory equipment. This has long been 
recognized, but the necessity for a wider 


scope of understanding of these factors. 


and more information as to the methods 
of taking them into account has increased 
during recent years on account of the per- 
formance requirements of modern relaying 
schemes designed to provide more effec- 
tive assurance of uninterrupted service. 
Furthermore, where there are multiple in- 
terconnected secondary circuits with 
totalizing phase and residual burdens such 
as result, for example, in a bus differential 
scheme of protection, there is the addi- 
tional problem of determining the current 
distribution in the various branches of the 
secondary circuit for both balanced and 
unbalanced fault conditions. 

The manner in which the ratio and 
phase relations of the secondary current 
to the primary current are affected by the 
components of current required for the ex- 
citation of the core and to supply the 
losses for steady-state conditions is well 
known,! but it is necessary for design and 
operating engineers to have more com- 
plete data than heretofore available, and 
to be provided with suitable methods of 
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calculating the over-all performance un- 
der various conditions which may exist in 
the field. Similar information is also re- 
quired regarding the performance during 
transient conditions but this phase of the 
problem is beyond the scope of this paper. 

In order to obtain the necessary data 
regarding the performance of a particular 
relaying scheme, a series of extensive labo- 
ratory tests was made on a specific type 
of multiratio bushing current transformer 
for various secondary conditions. The 
purpose of this paper is, first, to present 
the more important results of these tests, 
and second, to show that the results so ob- 
tained can be calculated with reasonable 
accuracy from the in-phase and quadra- 
ture components of the excitation curves. 

Some information regarding the wave- 
shape distortion of the secondary current 
by reason of the excitation component was 
also obtained and data regarding this 
phase of the tests are given in this paper. 


Description of Transformers and 
Classification of Tests 


The current transformers upon which 
the tests were conducted are quite similar 
in design to those in general use, consist- 
ing of a circular laminated core of silicon 
steel, a secondary winding with taps for 
different turn ratios, and a single-turn pri- 
mary formed by the stud of the oil circuit 
breaker passing through the center of the 
core. By proper selection of the taps, turn 
ratios from 10 to 1 up to 120 to 1, with the 
exception of 70 to 1 and 110 to 1, may be 
obtained. In order to obtain better oper- 
ating characteristics, these transformers 
were designed specifically to have larger 
core volumes than had previously been 
used. 

For the purpose of this paper, the tests 
that were made may be classified and 
briefly outlined as follows: 


(a). Ratio and phase-angle tests for differ- 
ent turn ratios and burdens. 


(b). Single-circuit tests to determine the 
magnitude and phase relation of the current 
in each portion of the interconnected secon- 
dary circuits, and under conditions equiva- 
lent to a line-to-ground fault. The tests 
were made for three different turn ratios and 
for several different burdens. 
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(). Double-circuit tests, similar to the pre- 
ceding single-circuit tests. 


(d). Miscellaneous tests, such as excitation 
curves of the transformers, the taking of 
oscillograms during the tests, and the deter- 
mination of the burden characteristics. 


Test Equipment and Procedure 


Inasmuch as a high degree of accuracy 
such as is required for billing metering was 
not deemed necessary for theintended pur- 
poses, practically all of the tests were car- 
ried out with portable voltmeters, am- 
meters, wattmeters, and previously stand- 
ardized instrument transformers. 

The primary bus currents were obtained 
from low-voltage loading transformers, 
the primary voltage of which was con- 
trolled by a 25-kva single-phase induction 
regulator, Although this voltage regula- 
tor was overloaded during some of the 
tests, involving the higher burdens, and 
caused some distortion of the primary volt- 
age and current waves, there is good rea- 
son to consider, as will be shown later by 
the closeness of calculated values with ac- 
tual test values, that the results of the tests 
were not affected seriously by reason of 
the distortion that was introduced in the 
primary currents of the transformers. It 
is believed that the very presence of dis- 
tortion for the higher current values actu- 
ally aided in arriving at some important 
conclusion as to the amount of distortion 
introduced in the secondary current by 
reason of the large third harmonic com- 
ponent required by the excitation com- 
ponent of the primary current. 

All of the oscillograms shown in the ac- 
companying figures were obtained from a 
cathode-ray oscillograph, having a photo- 
graphic attachment. A number of check 
oscillograms, however, were taken with a 
magnetic type of oscillograph and it was 
found that there was a substantially close 
agreement of the waves obtained with the 
two different types of oscillographs, 


Burdens 


Three different types of burdens were 
used during the tests: (1) variable non- 
saturating burdens capable of carrying 
secondary currents up to 80 amperes; (2) 
nonsaturating burdens of lesser carrying 
capacity for the portions of the intercon- 
nected secondary circuits in which the sec- 
ondary current did not exceed 10 amperes; 
and (3) saturating burdens made up of re- 
lay coils, compensator coils, and other 
iron-core reactive devices. It was the in- 
tention at first to use actual relays for the 
saturating burdens, but it was found that 
the windings could not stand the heavy 
secondary currents for the period of time 
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Figure 1. Phase-angle and ratio characteristics 
Nonsaturating burdens, 40/1 and 80/1 turn ratios 
Curve 1—18 volt-amperes, 0.5 power factor, single transformer 
Curve 2—50 volt-amperes, 0.5 power factor, single transformer 
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Curve 3—50 volt-amperes, 0.5 power factor, two transformers in series 


required to take the various instrument 
readings. 


Single-Phase Ratio and 
Phase-Angle Characteristics 


Figures 1 and 2 show the ratio and phase- 
angle characteristics for three different 
turn ratios—namely 40:1, 60:1, and 80:1. 
There does not appear to be much neces- 
sity to enter into any detailed analysis of 
these curves, excepting to call attention to 
the fact that while in this type of current 
transformer there is a greater deviation 
from true ratio and phase angle at values 
of current near rated current than is per- 
missible in instrument transformers, the 
reverse is true for the higher values of cur- 
rent. Relay performance is usually asso- 
ciated with current magnitudes well above 
the rated current of the transformer, and 
from this standpoint the bushing current 
transformer is superior to an instrument 
type. There are, however, cases where re- 
lays are required to operate at values of 
current approaching full-load current, so 
that the entire performance curve is of im- 
portance. The curves also bring out the 
fact that, particularly for relatively heavy 
burdens at poor power factor, the ratio 
and phase-angle characteristics are much 
better for the higher turn ratios than they 
are for the lower ones, and a real advan- 
tage can frequently be gained by using the 
higher turn ratios. 

In order to show to what extent the ra- 
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tio and phase-angle performance has been 
improved by using the extra-volume cores, 
it would undoubtedly be interesting to 
present at this point some corresponding 
curves for transformers having smaller vol- 
umes. Unfortunately, such data are not 
readily available but an equation has been 
derived from the test data which expresses 
the approximate relation between a change 
in volume from a reference volume and 
the ratio of the primary current to the sec- 
ondary current. This equation, together 
with its derivation, is given in the appen- 
dix. 

A number of tests were made on two 
transformers with their secondaries con- 
nected in series, curves of which are given 
in figure 1 and show that for burdens of 
less than 50 volt-amperes and with turn 
ratios above 40:1, there is little gain in ac- 
tual accuracy, at least for the primary cur- 
rents that have been considered. From 
the test results, and also from the equa- 
tion that has been deduced for the volume- 
ratio relation, it appears that the ratio 
curves that will be obtained for two trans- 
formers with their secondaries in series for 
a certain burden, are approximately the 
same as is obtained with one transformer 
with half that burden. 

The curves so far discussed apply to non- 
saturating burdens. In figure 2, curve 3, 
the ratio and phase-angle curves are shown 
for a 200-volt-ampere saturating burden, 
on the basis of a five-ampere rating. Dur- 
ing the tests, a complete record was kept 
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Figure 2. Phase-angle and ratio characteristics 


Saturating and nonsaturating burdens, 60/1 
ratio 


Curve 1—18 volt-amperes, 0.5 power factor 
Curve 2—50 volt-amperes, 0.5 power factor 
Curve 3—200 volt-amperes, 0.5 power factor 
Curve 4—100 volt-amperes, 0.5 power factor 


of the volt-ampere burden that the satu- 
rating burdens imposed upon the second- 
ary and it was found that a nominally 
rated 200-volt-ampere saturating burden 
actually imposed the equivalent of a 110- 
volt-ampere nonsaturating burden at 55 
amperes secondary current. This change 
in the relative value of the burden will ex- 
plain why the curve for a 200-volt-ampere 
saturating burden corresponds very closely 
to the curve for the 100-volt-ampere 
nonsaturating burden. Inasmuch as the 
burdens obtained in actual installations 
have in general saturating characteristics 
of widely varying degree, it may be im- 
portant in some cases that these saturat- 
ing characteristics be known and taken 
into consideration. 

It is, of course, to be understood as pre- 
viously stated that the test results apply 
only for steady-state conditions. Some in- 
formation regarding the performance ot 
current transformers under transient con- 
ditions, particularly for primary currents 
within the rating of the transformers, has 
been published.1-* In conducting the 
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_ tests described herein, due precautions 
were taken to eliminate any residual mag- 
netization of the cores which might affect 
the results of the tests. 


Calculation of Ratio and 
Phase-Angle Characteristics 


It is generally accepted that in the case 
of standard types of instrument trans- 
formers operating below the saturation 
point, the ratio and phase-angle character- 
istics can be calculated from the excitation 
characteristics and give results that are in 
substantial agreement with actual test 
data. 

The symmetrical form of the core of the 
bushing transformers and the practically 
uniform distribution of the secondary 
winding, at least for the higher turn ratios, 
gave reason to consider that it should be 
possible similarly to calculate their ratio 
and phase-angle characteristics. This is 
very desirable because of the expense and 
equipment necessary to make actual tests, 
especially at the higher current values. 

Figure 3 shows the in-phase and quad- 
rature components of the excitation cur- 
rent as obtained in the test made on the 
secondary side with 40:1, 60:1, and 80:1 
turn ratios. In these excitation tests, the 
current values were measured by dyna- 
mometerammeters. The voltages for the 
lower values were measured with a com- 
bination of a high-resistance rectifier volt- 
meter and ratio box. This combination 
was checked for each reading against a 
dynamometer voltmeter and care was 


Figure 3. Excitation curves 


Points for 40/1 ratio calculated from 60/1- 
ratio curve 


taken to insure that the check test was 
made under practically the same voltage 
wave form as in the actual test. The rela- 
tive proportion of in-phase and quadra- 
ture components of the excitation current 
was obtained by calculation from the watt 
loss measurements and the volt-ampere 
values. The power measurements were 
made with wattmeters having high-resist- 
ance voltage circuits and the readings were 
duly corrected for the losses in the test in- 
struments themselves, the amount of 
which was very considerable at the lower 
values of excitation current, 

The procedure for calculating the ratio 
and phase-angle characteristics from the 
excitation data is well known and fairly 
simple. Starting with a definite value of 
secondary current, the voltage necessary 
for a specific secondary burden is calcu- 
lated. For accurate results the leakage re- 
actance of the secondary winding itself 
should be taken into consideration in cal- 
culating the required secondary voltage. 
For the transformers under consideration 
the combined effect of the secondary re- 
sistance and leakage reactance was ap- 
proximately 0.1 ohm and is practically 
constant for the three turn ratios of 40:1, 
60:1, and 80:1. Knowing the voltage re- 
quired, the corresponding excitation com- 
ponents are obtained from the excitation 
curve and added vectorially to the second- 
ary current and the resultant multiplied 
by the turn ratio to obtain the cor- 
responding primary current. Five or 
six such calculations for different second- 
ary currents are generally sufficient to ob- 
tain the ratio curve. The encircled 
points shown in figure 2 indicate the 
calculated values as obtained by this 
procedure. If the calculations are made 
by the rectangular-component method, 


069-3 


| 80/1 TURN RATIO 


+ 
nN 
fe} 

C) 


with the induced voltage taken as the ref- 
erence axis, the phase angle between the 
secondary current and the primary cur- 
rent reversed can be determined. 

Inasmuch as bushing current transform- 
ers are in general provided with a number 
of taps on the secondary winding, in order 
to obtain various turn ratios, it was con- 
sidered desirable to determine whether the 
excitation curve for a certain turn ratio 
would be applicable for other turn ratios. 
For conditions below saturation, the ex- 
citation current may be considered ap- 
proximately inversely proportional to the 
square of the turn ratio, but for conditions 
in the saturation region, this relation does 
not hold true, and hence in using the ex- 
citation curve of a particular turn ratio for 
calculating the values for some other turn 
ratio, it is found necessary to modify the 
procedure for calculating the excitation 
components. 

Designating as N,, the turn ratio for 
which the excitation curves are available 
and as N2 the turn ratio for which the cor- 
responding curves are desired, the first 
step is to obtain the excitation values for 
voltage values equal to EX N;/N», and the 
second step to multiply the values so ob- 


Figure 4. Current division for circuit shown 
in figure 6a 


Nonsaturating burdens; 200 volt-amperes, 
0.5 power factor residual circuit; 18 volt- 
amperes, 0.5 power factor each phase circuit 


Zero current in primaries B and C: 
Curve 1—Phase angle 

Curve 2—A-phase secondary 

Curve 3—Residual 

Curve 4—Average B and C secondary 


300 amperes in primaries B and C: 
Curve 5—Phase angle 


Curve 6—A-phase secondary 
Curve 7—Residual 
Curve 8—Average B and C secondary 
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Figure 5 (left). 
Current division for 
circuit shown in 

figure 6c 
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Nonsaturating burdens; 50 volt-amperes, 0.5 

power factor totalizing residual circuit; 18 

volt-amperes, 0.5 power factor each phase 

circuit; 18 volt-amperes, 0.5 power factor 

each phase totalizing circuit; zero volt-amperes 
each circuit residual 


Zero current in all primaries except phase A 


Curve 1—A-phase circuit number 1 secondary 
Curve 2—A-phase totalizing 

Curve 3—Residual circuit number 1 

Curve 4—Totalizing residual 

Curve 5—Residual circuit number 2 

Curve 6—B or C phase totalizing secondary 
Curve 7—A-phase circuit number 2 secondary 


Curve 8—Average B and C secondary circuits 
1 and 2 


tained by Ni/Ne. The result gives the ex- 
citation components for the Ne turn ratio 
at E volts. The encircled points in figure 
3 show the calculated values of the excita- 
tion components for the 40:1 and 80:1 turn 
ratios obtained from the 60:1 excitation 
test curves by the above procedure. 


Distribution of Current in Inter- 
connected Secondary Circuits 


The determination of the distribution of 
current in the interconnected secondary 
circuit for various relaying schemes pre- 
sents a more complicated problem. Tests 
were made for two representative circuits, 
one, figure 6a, for a single three-phase cir- 
cuit with phase and ground relay burdens, 
and the other, figure 6c, for two three- 
phase circuits with individual phase relay 
burdens and totalizing phase and ground 
relay burdens. The tests were made simu- 
lating fault conditions resulting in current 
in one primary conductor only and also for 
faults in which there is a relatively small 
current in the two unfaulted conductors. 
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Figure 6 right). 
Typical circuits in- 
volving _intercon- 
nected secondary 
circuits 


3000 
PRIMARY CURRENT A-PHASE — AMPERES 


The results of these tests are shown by the 
curves of figures 4 and 5. 

In addition to providing information as 
to the distribution of current for the par- 
ticular current transformers and burdens 
tested, a study of the results has been of 
assistance in arriving at analytical meth- 
ods of calculating the distribution of cur- 
rent in similar circuits from the excitation 
characteristics of the current transformers 
and the impedance of the various burdens. 
It may be safely assumed that whatever 
current will flow through the idle second- 
aries will be in the nature of an excitation 
current and that no appreciable power or 
apparent power will be transformed to the 
respective primary windings of the two 
transformers. In other words, the imped- 
ance offered by each of these idle second- 
ary windings is the same as the excitation 
impedance. In the case of primary cur- 
rents in each of the three phases, a solution 
is obtainable by making calculations for 
each primary current separately, assuming 
no current in the other two primary con- 
ductors. The final result may then be ob- 
tained by superimposing the three sepa- 
rate solutions numerically or, if necessary, 
vectorially. 

Referring to figure 6, let it be assumed 
that the secondary current J, is due to a 
given primary current in the A conductor 
and that the other two primary currents 
are zero, the assumed condition represent- 
ing a line to ground fault in which the two 
unfaulted line conductors carry no cur- 
rent. 

The current J, will be distributed in the 
other portions of the interconnected cir- 
cuit in inverse proportion to the respective 
impedances of each branch. The imped- 
ance offered to the flow of any part of I, 
by each of the two otherwise-idle second- 
ary windings will depend primarily upon 
the voltage available at their respective 
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terminals and their excitation characteris- 
tics. If the available voltage at the ter- 
minals of the windings can be determined, 
the value of the corresponding current may 
be obtained from the secondary excitation 
current and voltage relation. Therefore, 
in order to analyze the distribution of cur- 
rent in the interconnected circuit, it is nec- 
essary to determine the relative value of 
this voltage with respect to the current 
that may flow. Such a relationship may 
be deduced very readily for the simple cir- 
cuit shown in figure 6a. For a more in- 
volved circuit, as for example that shown 
in figure 6c, the solution may be obtained 
by successive approximations. Although 
a rigorous solution may undoubtedly be 
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Figure 7. Curve showing current diverted from 
the residual circuit by each of the two idle 
secondary branch circuits B and C of figure 6b 


I4Z4=19(Z: +2Z4) +E, 


formulated for any interconnected second- 
ary circuit and a family of curves plotted 
by means of which the division of current 
may be determined graphically, such a 
solution will not usually be found to be 
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necessary because of the uncertainty of 
_ the accurate determination of other fac- 
tors, as for example, the value of the fault 
current itself. It is for this reason that it 
is considered that certain other assump- 
tions are justifiable. 

In the treatment which follows, the as- 
sumption is made that if the power factor 
of all the secondary burdens be considered 
to be approximately 0.5, then the second- 
ary current and the excitation current 
through the idle secondary windings may 
be added numerically instead of vectori- 
ally and thereby lead to a simplification of 
the problem and still give results that ap- 
pear to be sufficiently accurate for the in- 
tended purposes. With the assumptions 
that have been mentioned, the following 
analysis has been made using figure 6b, 
which is the simplified circuit for figure 6a. 


LEGEND 


Z,=total impedance imposed on the A 
secondary winding 

ZJ,4=secondary current in the A secondary 
winding due to primary current in phase 
A, Primary current in phases B and 
-C equal to zero 

£,=total voltage induced in the A second- 
ary winding 

E2=voltage available at terminals of branch 
circuits 

E;=voltage available at terminals of idle 
secondary windings 


The other symbols used below are 
shown in figure 6). 


Z,= (214-22) +(Zi+Zs)Zs/D (1) 
D=2,4+-234+22Z, (2) 
Fy =I,Z, (3) 


B,=E,—I4(Zi+Z2)=L4(ZitZs)Zi/D (4) 
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Figure 8. Oscillograms of typical primary and 
secondary current wave shapes 


SEPTEMBER 1940, VoL. 59 


Figure 9. Relation 280 

of fundamental and rc] 

third harmonic com- SS 260 

ponents of second- S$ 

ary current z oa, 

200-volt-ampere & Amy) 

nonsaturating — bur- Bay ava 

den, 60/11 turn ratio VA 
aso |LALL leo 
eee 0 

tnd ae 


ie) 4 


Ip=Ic=I42Z4/D (5) 
Ip=I4(Z1+Z;)/D (6) 
Es= E2.—IpZ;=14Z324/D (7) 


Substituting E;/Z, for Zs; in equation 7 
and simplifying, gives: 


Ig(Z1+2Z,)+Es=I4Z4 (8) 


Since the values J, and £; are related by 
the excitation curve, new curves may be 
drawn for J,(Z,+22Z,4)4+ E; versus I, and 
from such a curve the value of J, corre- 
sponding to the value J,Z, may be found. 

Figure 7 shows such a curve and it is de- 
rived from the excitation curve for the 
60:1 turnratio. The burden values Z; and 
Zs are taken as 0.8 and 8.0 ohms respec- 
tively, the same as were the values of the 
burdens used in the interconnected second- 
ary circuit in the test for which curves 
are shown in figure 4. A curve closely ap- 
proximating curve 4 in figure 4 can be ob- 
tained by means of the curve, figure 7. 

In the case of the double interconnected 
circuit shown in figure 6c, the best proce- 
dure appears to be to start with a first ap- 
proximation of the current in the residual 
circuit and proceed to the other branches, 
using a voltage and current relationship as 
was done for the simple circuit. In con- 
nection with this particular interconnec- 
tion, attention is called to the possibilities 
that the amount of current diverted away 
from the totalizing residual circuit by the 
A, branch circuit may reach values equal 
to or even greater than the residual cur- 
rent itself if the burdens of the phase re- 
lays and circuit ground relays are low com- 
pared to the totalizing ground relays. 


Wave Distortion of 
Secondary Current 


The excitation component of current in- 
troduces not only ratio errors and phase- 
angle displacement but also affects the sec- 
ondary-current wave shape. During the 
tests, numerous oscillograms were taken of 
the primary current, the secondary cur- 
rent, and the secondary induced voltage. 
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Curve 1—Secondary current, equivalent sine 
wave 
Curve 2—Secondary current, 60-cycle funda- 
mental 
Curve 3—Secondary current, third harmonic 
Curve 4—Excitation current, third harmonic 
on secondary basis 
Curve 5—Third harmonic in primary current 
on secondary basis 


Additional oscillograms were also obtained 
of the excitation current. Most of those 
which showed considerable distortion were 
analyzed for the fundamental, the third, 
the fifth, and the seventh harmonic com- 
ponents. A number of these oscillograms 
are given in figure 8. 

The theory of wave distortion by trans- 
formers in general and its effect on relay 
operation has been discussed in previous 
publications‘ and only a brief discussion 
of the test results is given here. It will be 
noted from the oscillograms that the dis- 
tortion is very small for the low burdens. 
In the case of a 50-volt-ampere burden 
and with 60:1 turn ratio, the distortion in 
the secondary current does not become no- 
ticeable until the primary current reaches 
a value of 5,000 amperes, or 16.7 times the 
normal primary-current rating. In the 
case of the 200-volt-ampere burden, dis- 
tortion begins at about 1,200 amperes, or 
four times the normal rating. 

The curves in figure 9 which show the 
actual values in amperes of the funda- 
mental and the third-harmonic component 
in the secondary current for different val- 
ues of secondary-terminal voltages, were 
obtained by analyzing the oscillograms 
made during the tests on the 60:1 turn 
ratio and a 200-volt-ampere nonsaturating 
burden. Curve 4 in this figure was plotted 
from the excitation-currentwavesobtained 
during the excitation-current tests on the 
60:1 turn ratio. The dashed curve num- 
ber 5, shown in this figure, represents the 
difference between the third harmonic 
component actually required for excita- 
tion (on a secondary basis) and the 
amount of the third-harmonic component 
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in the secondary current. This difference 
would seem to indicate the amount of 
third-harmonic current present in the pri- 
mary current, and appears to have been 
due to the single-phase induction regula- 
tor used in the test to regulate the primary 
voltage applied to the loading transform- 
ers. It is interesting to note that for the 
condition of minimum third-harmonic 
component in the primary current the 
regulator was near the position where 
minimum distortion may be expected. 

Analyzing the matter further, it appears 
tenable to state that the amount of the 
third-harmonic component in the second- 
ary current is approximately equal to the 
vector difference of the third harmonic ac- 
tually present in the primary current and 
the amount of third-harmonic current ac- 
tually required for excitation, all values 
reduced to a secondary basis. Hence, the 
further deduction that if the fault current 
during a line-to-ground fault is sinusoidal, 
then the amount of third-harmonic com- 
ponent present in the secondary current 
should be equal to the third-harmoniccom- 
ponent required for excitation. Although 
this would be true only if the burdens are 
nonsaturating, nevertheless, it would ap- 
pear from the analysis of some of the os- 
cillograms that with saturating burdens, 
the amount of the third harmonic is not 
altered very greatly from that with non- 
saturating burdens, excepting that there is 
a different phase displacement of the 
third-harmonic component with respect to 
the fundamental which results in a more 
peaked secondary-current wave for satu- 
rating burdens than is the case for non- 
saturating burdens. 

As to the fifth and higher harmonics, no 
attempt was made to correlate the results, 
mainly because the analyzation of the 
waves for such harmonics could not be car- 
ried out within a reasonable degree of ac- 
curacy. 


Conclusions 


Although this series of tests was made on 
a specific set of bushing current trans- 
formers, an analysis of the results leads to 
certain conclusions which are applicable 
to this general type of transformer. These 
may be summarized as follows: 


1. Bushing current transformers having 
cores of adequate volume and reasonably 
high turn ratios have characteristics which 
are very desirable from the standpoint of re- 
lay application and in some cases may be 
superior to instrument-type transformers. 


2. The performance characteristics of bush- 
ing current transformers can be determined 
with reasonable accuracy from the in-phase 
and quadrature components of the excita- 
tion current. 
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3. The distribution of current in circuits in- 
volving interconnected transformer second- 
aries can be arrived at by a consideration 
of the impedance of the burdens in the vari- 
ous branches of the secondary circuit and the 
excitation characteristics of the current 
transformers. For various primary circuit 
conditions a solution is obtainable by mak- 
ing calculations for each primary current 
separately, assuming no current in the other 
primaries, and then combining results. 


4. The effect of increasing the volume of 
the core of a bushing transformer by a cer- 
tain per cent is equivalent to decreasing the 
burden by a like per cent. Likewise, the 
use of two bushing transformers in series is 
equivalent to reducing the burden on one to 
half the total burden. 


Appendix 


True Ratio Versus Change 
in Core Volume 


The relation of the true ratio versus 
change in core volume, is a function of the 
excitation current required for a particular 
burden. If the volume is increased by 
changing the axial dimension and the radial 
dimensions remain the same, the magnetic 
cross section will be increased correspond- 
ingly and hence for a given number of turns 
in the secondary winding and for a given ex- 
citation current, the flux and the voltage in- 
duced by the flux, will be increased in the 
same proportion. The iron losses will of 
course enter into consideration but it can be 
shown that the effect is negligible. 

For instrument transformers which gen- 
erally operate below the knee of the satura- 
tion curve, factors other than the true ratio, 
in general, determine the core dimensions. 
In the case of bushing current transformers 
with low ampere-turn ratings, the ratio ac- 
curacy is one of the important factors which 
determine the core dimensions. Inasmuch 
as this discussion is concerned mainly with 
reference to conditions in the saturated 
region, it is of interest to analyze the rela- 
tionship of the true ratio with respect to 
changes in the core volume, for such condi- 
tions only. 

For such an analysis, the portion of the 
excitation curve above the knee may be 
represented by an equation of the form 
I=k,E/(1—keE). Now if V; represents a 
reference volume and V2 the volume for 
which the ratio characteristics are desired, 
then if the change in volume from V; to V2 
is a change in the axial dimension only, the 
respective excitation currents, of the two 
volumes, will be: 


For volume V,, 
Tey = hi Es /(1—koEs1) (9) 
For volume Vs, 


Ty, = hi Ey Vi/( Vo— VikzE.Z) (10) 

The values Hs; and Ey. may be replaced 
by the respective products I;,Z and Voy 160. 
which J,, and Is. are the respective second- 
ary currents and Z is the impedance of the 
secondary burden. 

For the purpose of this analysis, the sec- 
ondary burden is considered to have a power 
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factor of 0.5 and on this basis the assump- 
tion is made that the excitation-current com- 
ponent and the secondary current are close 
enough in phase to permit adding their 
values numerically instead of vectorially. 
The respective true ratios for the two vol- 
umes are then given by equations 11 and 12. 


kiZ 
= —— 11 
sss n+; 57) GD 
ZN 
= a 12 
R n+) (12) 


Substituting Ip;=Rils and Ip,= Rel in 
the two preceding equations, and equating 
the two for R;= Ro, gives the following rela- 
tionship of the primary currents: 


(Va-Vi) Ri 


13 
Vi Keli Me 


Ip. =In+ 


Hence, if the corresponding values of Ip; 
and R, are known for volume Vi, the corre- 
sponding primary current Jp), for which the 
true ratio is equal to Ri, may be calculated. 
The value of the constant kp may be deter- 
mined from the excitation-current curve. 

The conclusion that may be deduced from 
curves plotted by means of equation 13 may 
be stated in various ways but it would seem 
that the following would best serve the pur- 
pose, namely, that the gain in ratio accuracy 
that is obtained by increasing the axial di- 
mension of the core by a certain percentage 
is approximately the same as would be ob- 
tained with the original volume by reducing 
the value of the burden the same percentage. 


Ratio Versus Burden Impedance 


For approximate determination of the ra- 
tio curve for a burden of Z. ohms impedance, 
if the curve is known for a burden of Z; 
ohms and of the same power factor as Z2, the 
following equation has been found to give 
sufficiently accurate results for conditions in 
the saturating region. 


Z1—Z2\ Ri 
IG = 
p2 nt( Za ) Kz, 


The value of the constant & is the same as 
in the preceding equation 13. 
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URRENT TRANSFORMERS for 

relay service must be able to function 
with reasonable accuracy under very high 
overload conditions, and it is therefore 
necessary that their accuracy for such 
high currents be verified. However, in 
performing the usual accuracy test at very 
high currents, certain difficulties are en- 
countered—the principal ones being: 
(a). The difficulty of providing large 
amounts of power at large current values and 
bus-bar type wiring required. The kilovolt- 


amperes required at 20 times normal current 
is 400 times that at normal current. 


(b). The necessity for standard burdens 
capable of withstanding heavy currents. 


(c). The necessity for taking the meter 
readings very rapidly—within a few seconds 
—in order to avoid overheating of the cur- 
rent-transformer windings. 


This paper proposes an indirect method 
for determining the accuracy character- 
istics—phase angle and ratio—of a cur- 
rent transformer for both normal and ab- 
normal currents, whereby the difficulties 
of test mentioned above are obviated, 
with no sacrifice of essential accuracy. It 
consists in the determination by test of 
the impedance and of the excitation char- 
acteristics of the transformer and calcu- 
lating from them the ratio and phase- 
angle errors of the transformer. 

In this respect the proposed indirect 
method, as a method of calculation of the 
current regulation of the transformer, falls 
in identically the same category as the 
standard procedure for determining the 
voltage regulation of a power transformer 
indirectly from impedance measurements. 


Equivalent Circuit of a Transformer 
as Reduced to 1:1 Ratio 


The errors of a current transformer 
arise from the fact that not all of the pri- 
mary current is transformed, a compo- 
nent (I,) being used to excite the core. 
This may be seen more clearly by referring 
to the conventional equivalent circuit of a 
transformer as shown in figure 1. In this 
diagram R and X are respectively the re- 
sistance and the reactance of the external 
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A Proposed Method for the 
Determination of Current- 


Transformer Errors 


R. L. TEN BROECK 


ASSOCIATE AIEE 


burden, and 1, ro, x1, x2, respectively the 
resistances and reactances of the primary 
and secondary windings. 

The exciting current is conceived of as 
occasioned by a load in a fictitious third 
winding. From the equivalent circuit it 
is easily seen that the value of the by- 
passed exciting J, depends upon the value 
of the induced voltage E», and it follows 
therefore that the characteristics of a cur- 
rent transformer are defined when the 
values of 7, ro, 41, and x2 are known and 
the exciting current J, is given as a func- 
tion of Es. 

For if these values are known, then it 
foliows from the equivalent circuit that: 


L=f,-I, (1) 
and: 
E,=1,{ (re+R)+j(x2+X)} (2) 


and consequently the ratio | Io | / ll | and 
the phase angle (ZI,— ZJ,) can be deter- 
mined as illustrated below. 


Determination of the 
Leakage Reactances 


Of course 7; and r2 can be measured di- 
rectly across each winding. In order to be 
able to measure the primary and second- 
ary leakage reactance voltages directly it 
is necessary that there be only load cur- 
rents in the windings and no exciting cur- 
rent—that is, the primary and secondary 
ampere turns must be exactly equal and 
opposite. This condition can be realized 
in a 1:1 ratio transformer by connecting 
the primary and the secondary windings 
in series opposition and forcing the desired 
current through them.! The voltages 
measured across each winding are then 
caused respectively by the “primary” 


Paper 40-68, recommended by the AIEE committee 
on instruments and measurements, and presented 
at the AIEE winter convention, New York, N. Y., 
January 22-26, 1940. Manuscript submitted No- 
vember 18, 1939; made available for preprinting 
January 3, 1940; released for final publication 
March 16, 1940. 


G. Camitui and R. L. Ten BRoeEcx are in the trans- 
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tric Company, Pittsfield, Mass. 

1. For all numbered references, see list at end of 
paper. 
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and “secondary” internal impedances of 
the transformer. Knowing the current, 
the leakage reactances x, and x, can be 
éalculated. 

To insure equality of primary and sec- 
ondary ampere turns in transformers 
other than 1:1 ratio, some expedient must 
be introduced. One such method is illus- 
trated in figure 2. This figure shows a 
bushing-type current transformer. How- 
ever, the scheme can be used for any cur- 
rent transformers provided they do not in- 
corporate methods of compensation other 
than the regular turn compensation. In 
figure 2, B is the transformer of which it is 
desired to determine the secondary leak- 
age reactance; A is an auxiliary current 
transformer which is used to balance the 
primary and the secondary ampere turns 
of the transformer B. 

The auxiliary ‘“balancing’’ current 
transformer A is wound with suitable taps 
and its ratio of transformation is chosen 


068-/ 


Equivalent circuit of a current trans- 
former 


Figure 1. 


SOURCE OF VOLTAGE VARIABLE 
IN BOTH MAGNITUDE AND PHASE 


Figure 2. Method for determining the sec- 
ondary impedance of a current transformer 


to be identical with that of current trans- 
former B under test. The auxiliary cur- 
rent transformer A has also an exploring 
winding N4 which is connected to a vibra- 
tion galvanometer. 

The primary winding of the transformer 
to be tested is connected in series with the 
primary winding of the balancing trans- 
former and to a source of voltage supply- 
ing the primary current. Likewise the 
secondary windings of the transformers 
are connected in series and to a source of 
voltage supplied by a phase shifter. 

The phase and magnitude of the cur- 
rent supplied by the phase shifter are ad- 
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justed until the flux in the balancing 
transformer is zero. This is determined 
by a zero reading on the vibration gal- 
vanometer. The value of Jz is measured 
by an ammeter and the voltage V by a 
voltmeter, across the secondary of the 


PHASE ANGLE — 
MINUTES 


RATIO CORRECTION FACTOR 


fe) 200 400 600 800 
PER CENT PRIMARY CURRENT 


Figure 3. Comparison between calculated 
and test results, 300-ampere current trans- 
former number 1, 60-to-1 ratio 


Bushing type with distributed secondary wind- 
ing; burden 50 volt-amperes, 100 per cent 
power factor, 60 cycles 
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transformer B. The latter is proportional 
to the internal secondary impedance of 
the transformer. 

The balancing transformer is preferably 
of ring form with its primary and second- 
ary windings uniformly distributed so 
that magnetic leakage is reduced to a 
minimum. 

It has been stated that the balancing 
transformer of figure 2 needs to be of the 
same ratio as the current transformer un- 
der test. To fulfill this requirement it is 
necessary to know the secondary number 
of turns of the current transformer. There 
are several ways in which this can be ob- 
tained by test,? but the description of 
these methods falls outside the scope of 
this paper. Of course the simplest way is 
to obtain this information directly from 
the manufacturer. 

In these tests, two methods were used 
for obtaining the variable source of volt- 
age: 

(a). By deriving this voltage from a con- 


ventional phase shifter (a wound-rotor poly- 
phase induction motor will serve) 


(b). By the use of two generators the shafts 
of which are connected mechanically. The 
stator of one of the generators can be turned 
with respect to the other 
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The voltmeter V needs to be of very 
high resistance. A good plan is to use a 
copper-oxide voltmeter having an internal 
resistance of about 1,000 ohms per volt. 
The Tinsley-Gall a-c potentiometer can 
also be used to read the above voltage. 


Variations of Secondary Reactance 
With Secondary Current of the 
Current Transformer 


Theoretically the division of the leak- 
age reactance of a transformer varies with 
the secondary current. The reason for 
this is that changes in permeability of the 
core at various densities affect differently 
the reluctances of the external and inter- 
nal parts of the magnetic circuit—neither 
the iron magnetic circuit nor the air mag- 


MINUTES 


PHASE ANGLE— 


RATIO CORRECTION FACTOR 


fe) 200 400 600 
PER CENT PRIMARY CURRENT 


Figure 4. Comparison between calculated 
and test results, 300-ampere current trans- 
former number 2, 60-to-1 ratio 


Bushing type with secondary winding con- 
centrated on approximately one-fourth of the 
circumference of the core; burden 50 volt- 
amperes, 100 per cent power factor, 60 cycles 
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netic circuit, which are in parallel, having 
uniform section or length. It is found, 
however, by actual test that these changes 
are quite limited and not large enough to 
affect considerably the accuracy which 
can be obtained by the proposed method 
of test. Actual test results of the second- 
ary reactance at two or more values of the 
secondary current are tabulated under 
the item of ‘‘Test Results’. 


Determination of Magnetic 
Properties of Core Material 


In order to determine the performance 
of a given transformer under definite con- 


Camilli, Ten Broeck—Current-Transformer Errors 


ditions of load, it is now necessary to ob- 
tain values of the watt and wattless com- 
ponents of the exciting current (I,) corre- 
sponding to the voltage E, which is ap- 
plied across the secondary terminals of 
the transformer. It should be noted from 
the equivalent circuit of figure 1 that theo- 
retically to obtain the actual value of J, 
corresponding to the induced voltage E» 
there should be applied across the termi- 
nals of the transformer a somewhat higher 
voltage; but in general the voltage drop 
caused by the current J, flowing through 
the internal impedance of the transformer 
is very small and can be neglected. 

In the measurements of watts and excit- 
ing current, the fundamental components 
of these quantities must be taken. In the 
tests made for the preparation of this 
paper, a Tinsley-Gall a-c co-ordinate po- 
tentiometer was used. Other methods 
can be used when this equipment is not 
available. For instance, the fundamental 
component of the exciting current can be 
obtained by means of a separately excited 
wattmeter, the separate excitation fur- 
nished by a phase shifter. 


Calculation of Current-Transformer 
Characteristics From Test Results 


If the magnetic properties of the core of 
the current transformer and the leakage 
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Figure 5. Comparison between calculated 


and test results, 200-ampere current trans- 
former number 3, 40-to-1 ratio 


Bushing type with secondary winding concen- 
trated on approximately one-sixth of the cir- 
cumference of the core; burden 50 volt- 
amperes, 100 per cent power factor, 60 cycles 
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reactance of the secondary winding are 
known, the ratio and phase angle for any 
secondary current or burden on the cur- 
rent transformer can be calculated quite 
accurately. 


ELECTRICAL ENGINEERING 


—— 
ad = *- - 

| Agnew‘ gives the following simplified 
formulas for calculating the errors in cur- 
rent transformers: 


In cos 6 
ae cos ¢—F sin ¢ (4) 
nI 
where: 


ems, pe 


¢ 
M 
F 


Iz is the secondary current 

n is the ratio of number of secondary to 
primary turns 

@ is the phase angle of the current trans- 

former 

is the phase angle of the secondary cur- 

rent with respect to the induced voltage 

is the magnetizing component of the core 

exciting current 

is the corresponding loss component of 

exciting current (due to hysteresis and 

eddy losses in the core) 


In order to obtain M and Fit is simply 
necessary to multiply the wattless volt- 
amperes (VA) and the watts (W) respec- 
tively by: 


Meo 
E: 
After obtaining the internal secondary 


impedance of the given transformer and 
its excitation characteristics by the use of 


PHASE ANGLE — 
MINUTES 


RATIO CORRECTION FACTOR 


800 
PER CENT PRIMARY CURRENT 


te) 200 400 


Figure 6. Comparison between calculated 

and test results, 100-ampere current trans- 

former number 4, 20-to-1 ratio for 4,500-volt 
circuit 


Wound-type current transformer; burden 50 
volt-amperes, 50 per cent power factor, 60 
cycles 
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formulas 3 and 4 it is relatively a simple 
matter to determine the ratio and phase 


angle under any conditions of current and 


of burden. The method will be illustrated 
by an example and the results compared 
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Figure 7. Comparison between calculated 
and test results, 50-ampere current transformer 
number 5, 10-to-1 ratio for 69,000-volt circuit 


Wound-type current transformer; burden 50 
volt-amperes, 50 per cent power factor, 60 
cycles 
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with test results obtained by a conven- 
tional method of testing. 


Sample Calculation 


To illustrate the method of test and the 
necessary calculations to determine the 
current-transformer errors, the following 


External burden=50 volt-amperes al 100 


per cent power factor 
Balancing transformer consisting of a 


bushing current transformer having a core 
of the following dimensions: 


inside diame- 


ter=16 inches, outside diameter = 20 inches, 


height =8 inches, 


Secondary turns = 60 uni- 


formily distributed over the core. Exploring 
winding of 100 turns—also uniformily dis- 


tributed. 
(a). 


DETERMINATION OF 


SECONDARY REACTANCE 


Test made at five 


amperes, 60 cycles 


Voltage read across the secondary of the 
current transformer under test (at balance) 


=1.70 volts 


Measured secondary resistance of the trans- 
former =0.14 ohm 
Calculated secondary reactance of the trans- 
former =0.31 ohm 


(b). 


TEST ON THE MAGNETIC 


CHARACTERISTICS OF THE CORE 


For the sake of 
are given: 


brevity only a few points 


WwW 


Te F M 


COU Zeca 20.64.... 
(ANG EP ASS rie PIV ai 


MOI Olsens 20 OS terest 41.70 
allo l FA dia es 25605 2 a5 74.4 


(c). 


CALCULATION OF THE CHARACTER- 


ISTICS OF THE CURRENT TRANSFORMER 


External burden—50 volt-amperes at 100 


per cent power factor 
IRS =(0) 


Internal burden—r,=0.14, .=0.31 
Total secondary impedance: 


Abts R+re =2.148 
example is given: eo Oral 
ee é : Zi = 94.1105 
Characteristics required on a bushing-type 
current transformer rated 300/5 amperes, ae 
having a concentrated secondary winding. cos ¢=—— =0.99 
Core dimensions—inside diameter = 8 inches, 16 
outside diameter=10 inches, height=3 0.31 
inches sin ¢=—— =0.143 
Secondary turns =60 .16 
E I: M sin? M cos ¢ F cos? F sind R (] 
, 
i |e ba Os acres aces PMO sar satsta tale BUSS: Gasstaie ate oie BOTA aateursies's DOs exaneteiets 60: DO eamers 78 
HEED ee SO ABB ns ie HOWESP vee WOCSCiac aoe OLA nics aoehaele SOON e cae GLNIA sees pf ale 
Table I. Measured Secondary Impedances 
oe rm Xz At I: (Amp.) Remarks 
eee oer nce “ie Sy tay, Sma IC ONO02eeretur een ed 
DS: See: GF) ee actge Quatre ee cee 
SEES 3 sd oma Ee (RL. Re err ye De BTA px catereis ata)»: what 2.30 
Sis « aes te O08540140.232 OP 2B Sarde «9 <0 24 4.55 
Scar ae OOS 4ae salads aaa G Phat le Punter ie wee eI 7.83 
bo Pan ae NSO eee UC eAO tesa tals cn opein'e & 
aia 3.65 2.68 
5 ORV R Raconseec 3.48 ELON SErs Ses sane Transformer compensated 
oan ; 3.30 7.3 (Wilson method) 
3.19 8.7 
5 OPO is aaa labeie said aed a 25} Mai hes Gl amlieve Transformer uncompensated 
2.76 9.40 
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These results are compared with conven- 
tional test in figure 4. 


Test Results and Discussion 


The following transformers were tested: 


1. Figure 3—bushing-type current trans- 
former, wound core, secondary winding uni- 
formly distributed. Ratio 300/5. Inside 
diameter of core=8 inches 


2. Figure 4—bushing-type current trans- 
former, wound core, concentrated secondary 
winding—otherwise same as above 


3. Figure 5—bushing-type current trans- 
former, wound core, concentrated secondary 
winding. Inside diameter of core = 18 
inches. Ratio 200/5 


4. Figure 6—wound-type current trans- 
former for 4,500-volt circuit. Ratio 100/5 


5. Figure 7—wound-type current trans- 
former for 69,000-volt circuit. Ratio 50/5. 
This transformer can be compensated ac- 
cording to the Wilson method. Tests were 
made with and without compensation 


From table I it is noted that the second- 
ary reactance of an annular core with dis- 
tributed secondary winding is negligible, 
which confirms the findings of other in- 
vestigators.5 Table I and figures 3 to 7 
also show that from a practical standpoint 
the secondary reactance is constant and a 
measured value at normal current can be 
used for overcurrent calculations, pro- 
vided the transformer does not incorpo- 
rate any compensating scheme other than 
simple turn compensation. With certain 
compensating schemes an estimation of 
this reactance can be obtained by testing 
at several points and extrapolating. This 
value can be used when errors are small. 

The curves in figures 3, 4, 5, 6, and 7 
show good agreement between test values 
and calculated values up to saturation of 
the core. The results obtained above 
saturation in either method (test or calcu- 
lation) are somewhat indefinite. The 
method used for the testing recognizes 
only fundamental values of the primary 
and secondary currents. At these points 
above saturation, distortion is unavoid- 
able. It is difficult to duplicate this dis- 
tortion by calculation, and furthermore 
there is some doubt whether results in 
this region are of much value since some 
relays respond to fundamental values, 
some to effective values, some to peak 
values, and others to intermediate values. 
It should be pointed out, however, that 
overcurrent tests are more often used to 
compare the performance of two or more 
different current transformers and for 
such purposes the proposed method of 
indirect testing would appear satisfactory. 


Conclusion 


A method of testing current trans- 
formers has been described which elimi- 
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Railway Power Supply 
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FELLOW AIEE 


HILE all industries depend on the 

use of power few are more vitally 
affected by the circumstances of its use 
than the transportation industry. In 
this industry power not only represents 
a large item in the total cost of operation 
but, by the varied forms and ways in 
which it can be applied, exercises an im- 
portant influence in the creation of condi- 
tions favorable to more efficient move- 
ment of freight and passengers, improve- 
ment in the standards of service and re- 
sultant promotion of the business. 

The determination of the type of power 
most advantageous in a specific case 
presents a multiplicity of problems which 
require detailed study by persons who 
possess extensive practical experience. 
In a general way, however, all engineers 
recognize the fact that, where electric 
power must be utilized in small quanti- 
ties in widely separated locations, it is 
more economical to install the generating 
plant at the point of use. As these loca- 
tions become more numerous and are 
grouped together, better results can be 
secured by generating the power cen- 
trally and distributing it to the individual 
users. Similarly, in generating power for 
the movement of trains, where they are 
limited in number and size the conven- 
tional method of using a steam locomotive 
or other power unit on each train is fol- 
lowed with satisfactory results. As the 
trains increase in number and size a 


Paper 40-4, recommended by the AIEE committee 
on transportation, and presented at the AIEE win- 
ter convention, New York, N. Y., January 22-26, 
1940. Manuscript submitted November 1, 1939; 
made available for preprinting November 22, 1939; 
released for final publication March 21, 1940. 
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point is reached where it becomes far 
more economical and satisfactory from 
every standpoint to install the power- 
generating facilities at a central location 
and supply the current to motors on the 
trains through a distribution system. 

In any specific case the railroad execu- 
tive will have to co-ordinate and evaluate 
all the gains possible from electrification 
but, in general, past experience has 
shown that it may be considered as a 
means of moving trains in dense-traffic 
territory at no additional cost and in 
many cases at considerable saving, while 
at the same time providing the public 
with faster schedules and more reliable 
service and the management with in- 
creased capacity of plant. The full 
benefits of a railroad electrification 
usually are not secured until after it has 
been in service for a sufficient length of 
time to enable the management, through 
education, training, and supervision, to 
take full advantage of the improved tool 
with which it is supplied. 

As further experience is secured with 
railroad electrification the first cost and 
operating expenses should be materially 
reduced by using the same intensive 
methods of supervision and development 
which, in the past, have produced so 
much improvement in the service and 
reduction in the cost of steam opera- 
tion. As these results are obtained, 
electrification will doubtless extend to 
portions of railroads which, under pres- 
ent conditions, are not considered to be 
suitable projects for this method of 
handling transportation; the intensified 
study which many power companies are 
giving to the subject of railway supply 
will help to make these results possible. 


nates a number of serious difficulties en- 
countered in the usual methods of testing 
and is applicable with satisfactory accu- 
racy under practically all current and bur- 
den conditions. 
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Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 “Transactions Supplement” to ELEc- 
TRICAL ENGINEERING, 


ELECTRICAL ENGINEERING 


Changing Aspects of 


Power Supply 


When electricity first became available 


_ for traction, it found a ready field of ap- 


De 


plication in the transportation of passen- 
gers in cities and towns and a new indus- 
try was soon developed in which it was 
used exclusively for motive power on 
account of its remarkable flexibility in 
handling such traffic. In the case of 
existing transportation systems, however, 
the substitution of electricity for steam 
encountered the serious obstacle that it 
would require large new investments, 
involving the addition of wayside struc- 
tures, equipment and conductors, pos- 
sible changes in track and facility pro- 
visions, and a complete change in loco- 
motive equipment. For this reason the 
railroads found it more advantageous to 
continue their long-established policy of 
improving the economy of steam loco- 
motives, designing different types for spe- 
cific services and, more recently, of 
adopting internal-combustion engines for 
high-speed light passenger trains, for 
yard switching, etc. Nevertheless, in 
certain situations other weighty con- 
siderations made it desirable or necessary 
to adopt electric traction. This was the 
case in the early electrifications of im- 


_ portant terminals serving considerable 


suburban passenger traffic and, later, 
where heavy freight traffic and steep 
grades, or the carrying of freight and 
passenger traffic in competition with 
other means of transportation, made the 
change to electric traction profitable. _ 

In the foregoing developments, the role 
of the utilities in connection with the 
supply of power for traction, has passed 
through two different phases: 

Many years ago, when electric traction 
was first introduced for urban rapid 
transit and, subsequently, for the more 
important steam-railroad terminals, the 
electric utilities were not sufficiently 
developed to supply advantageously 
throughout their territories, the large 
quantities of special current required 
for traction. Consequently the trans- 
portation companies, as a rule, installed 
their own plants and extensive dis- 
tributing systems. 

Later, because of their rapid growth, 
the utilities had greatly expanded their 
generating and distributing facilities 
and found themselves in a position to 
supply power to the transportation com- 
panies more advantageously than the 
latter could produce it. This change in 
conditions prompted the consummation 
of many contracts for the supply of 
power. 
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Type and Scope of Contracts 


We shall subdivide these contracts 
into two types: 


First—Those covering the supply of power 
to railways operating their own generating 
and distributing plants. 


Second—Those covering power sales to rail- 
ways to be electrified without power plants 
of their own. 


A utility, in dealing with these two 
classes of contracts, is confronted with 
distinctly different problems. In the 
first case it has to prove to the prospective 
customer that its service will be more 
advantageous than can be obtained from 
his old plant even if it is improved by an 
economical modernization. In the second 
case the utility has to prove that its 
service will be more advantageous than 
the customer can obtain from a heavy 
investment in modern generating and 
distributing plant to provide the re- 
quirements of the road to be electrified. 


First CASE 


Where the railways owned good-sized 
25-cycle plants for generating their 
power requirements, and the utilities 
had considerable 25-cycle capacity in- 
stalled for their own use, the parties were 
able to evolve special workable power 
arrangements based on interconnecting 
the railways’ plants with the utilities. 
The less efficient railway plants were then 
operated for a minimum number of hours 
as in the case of the utilities’ own gen- 
erating capacity of older vintage, thereby 
realizing material operating savings which 
were equitably shared by both parties. 
In addition, the railways were relieved of 
the necessity of generating power, which 
must be a side issue for them since they 
are basically engaged in providing trans- 
portation, rather than in producing and 
distributing power economically. 

These special power arrangements were 
dictated by the desirability of making 
full use of the unexpired economic life 
of the railways’ plants without the neces- 
sity of large expenditures for their mod- 
ernization, as is being successfully done 
on the utility systems, with assured in- 
creasing loads, by the installation of 
topping turbines. The railways are 
handicapped in carrying out a moderni- 
zation program because it is generally 
difficult for them to dispense with a sub- 
stantial part of their generating facilities 
during the protracted period required for 
reconstruction, and, if the construction 
plans are so worked out that the existing 
equipment is not disturbed the cost of 
the new facilities is likely to be excessive. 
Furthermore, since their rebuilt plants, 
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in some cases, must be operated at the 


relatively poor traction load factor, they 
are not in a position to make the best 
use of the modern equipment and the 
operating savings may not be sufficient 
to counterbalance the added fixed charges. 
The utilities, by contrast, are in a position 
to modernize plants and to operate them 
advantageously for base-load generation, 
using the railway plants for emergency 
or standby service thereby filling the 
former role of the modernized plants. 
The old railway plants then readily fit 
in as a part of a co-ordinated program. 
There is no standard form for such 
arrangements because the details to be 
covered vary greatly in each situation. 
Special provisions of the contracts usually 
are similar to those for straight power 
sales contracts hereafter described. The 
only essential requisite is that the net 
results must be such that the railways ob- 
tain the service at a lower cost than 
they could secure for themselves by mod- 
ernizing their plants in order to raise 
their efficiencies to the standard afforded 
by the advancement in the art; and that 
the utilities obtain sufficient revenue to 
cover all operating expenses and fixed 
charges, including amortization of any 
new investment, plus allocated general 
expenses, taxes, and a fair share of the 
savings derived from the bulk production 
of the increased output. These savings 
will ultimately accrue to the benefit of the 
general customers in reduced rates. 


SECOND CASE 


Contracts for the sale of power to trac- 
tion companies not owning power plants 
are not essentially different from the 
usual form of ‘demand and energy rate”’ 
contracts and include such items as: 


term of the contract—character of energy— 
points of delivery—use to be made of the 
energy—price of ‘‘demand”’ and “energy” 
charges—price adjustment for changes in 
cost of fuel, when power is produced by 
steam—definition of billing demands—serv- 
ice connections—billings and payments— 
etc. 


In addition such important contracts 
also contain appropriate provisions, in- 
cluding: 
dates for beginning specified partial services 
and full service—clauses to insure diligence 
in providing regular and uninterrupted serv- 
ice—access to records—testing of measuring 
instruments—arbitration—reduction of rates 
if more favorable rates are given other cus- 
tomers under substantially similar condi- 
tions. 


In the preparation of each contract, 
the various provisions are carefully 
drafted to conform to the unique require- 
ments of the case. Certain distinguishing 
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characteristics of railway contracts, and 
the considerations on which they are 
based, are as follows: 


(a). A relatively long period of time is 
specified for the term of the contract and its 
renewals, if any.—These contracts being for 
large amounts of important service, it is ob- 
vious that the parties must have a relatively 
long period of guaranteed operation of the 
facilities provided for the service. Contracts 
are rarely written for less than 10 years and 
usually cover longer periods of operation up 
to 20 years with provision for extension of 
time should the utility make substantial ad- 
ditions to its facilities for the railway’s use 
during the initial period. 


(b). A guarantee of payment for a mini- 
mum amount of service each year is usually 
included.—The utility must have a guaran- 
teed minimum payment in order to cover the 
overhead charges and provide, during the 
term of the contract, for reasonable amorti- 
zation of the special investment made. 


(c). Unusual methods of determining the 
monthly maximum demand for billing are 
used.—The operation of a railroad is sub- 
ject to occasional large variations of maxi- 
mum demand from causes extraneous to the 
normal operation. These fortuitous condi- 
tions should not be allowed to penalize the 
railroad unduly. Hence the average of the 
three highest clock-hour maximum de- 
mands in each month has been adopted in a 
number of contracts as the billing demand. 
Furthermore, in cases of emergency, the 
large drafts of power following accidents or 
abnormal and unforeseen increases in traffic 
for short periods of time are usually fur- 
nished by the utilities, if they have the ca- 
pacity available, without increasing the bill- 
ing demand. 


(d). A provision is included which requires 
that each monthly billing demand shall not 
be less than a specified percentage of any 
previous billing demand.—This supplements 
the requirements of (a) and (b) and takes 
into account the special characteristics of 
the railway’s fluctuation in business from 
year to year. Except for some of the ur- 
ban lines this fluctuation is very large, and 
if the railways were to pay for a high per- 
centage of any previous demand when the 
traffic has shrunk considerably, their income 
would be diminished when vitally needed. 
For this reason they prefer that the unit de- 
mand charge be figured high enough to com- 
pensate the utility fully during the term of 
the contract, and that the guaranteed per- 
centage of any previous billing demand which 
determines the yearly payment for ‘‘de- 
mand charge’’, be made more proportional to 
the amount of maximum load taken during 
each year. 


(e). The practice as to whether the railway 
or the utility should furnish and operate the 
machines required to deliver direct or single- 
phase current is not uniform.—In the case 
of railroads electrified during the last few 
years the tendency has been to have the 
utility furnish, house, and operate such ap- 
paratus and supply energy directly to the 
trolley or transmission lines. In such cases 
provisions are made in the contract price for 
a proper compensation to cover the operat- 
ing costs, conversion losses, and fixed 
charges including amortization. Clauses 
are also included for transferring ownership 
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to the railway in the event of termination of 
the contract, at a sale price proportionate to 
the unamortized investment. 


(f). The utility, in establishing these differ- 
ences in the terms of various contracts, care- 
fully analyzes the effect of each variation 
and accordingly provides price differentials 
which will avoid discrimination among cus- 
tomers. The general clause on reduction of 
rate if more favorable rates are given other 
customers also protects each purchaser in 
respect to these special provisions. 


Underlying Economic Factors 


The utilities are justified in making 
the foregoing departures from their 
standard forms of power contracts in the 
case of electrified railways, since experi- 
ence has shown that this valuable busi- 
ness could not be secured without giving 
the underlying economic factors full 
consideration from the standpoints of 
both the railways and the utilities. We 
have already made occasional references 
to these factors but it is also important 
to explain more comprehensively how 
they affect the two industries. 


Loap Factor 


In general the utilities have a much 
higher use of their maximum demand 
than the railways which means that they 
are able to render more service per kilo- 
watt of plant capacity. This is caused 
by the great variety of their customers 
and the resulting time diversity of maxi- 
mum demand and use of the service. 
Furthermore, although the railway’s load 
factor is, in general, less favorable than 
the utility’s, when the two loads are super- 
imposed with their diversity in time of re- 
spective maximum demand, the combined 
load factor is improved and conditions are 
created for realizing substantial economies 
in plant investment. These investment 
economies are, of course, further en- 
hanced by a saving in the amount of 
spare capacity which would be required 
if the railway were to install and operate 
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an independent generating system for the 
lines to be electrified. Similar economies 
may also be realized in connection with 
the power transmission system. There- 
fore, if the railway electrification loads 
are supplied by a heavily-interconnected 
utility industry these factors will pro- 
duce economic results to the advantage 
of both the railways and the utilities. 


RATE OF GROWTH 


The utilities with their continuous 
growth in load, in contrast with the more 
or less stationary load of a railroad for a 
given situation, are in a better position 
to continue to improve their operating 
economies, as they have done in the past. 

These economies were realized in part 
from the fact that the quantities of 
power handled by the electric utilities 
became so large that it was possible for 
them to install generating and trans- 
mission units of large capacity with cor- 
respondingly lowered unit costs, reduced 
operating labor costs, and improved 
efficiencies. At the same time, the 
utilities were enabled to produce the 
major portion of their power requirements 
from their newer and more efficient units, 
by operating them at high load factors 
and gradually relegating their older plant 
to usage for peak or standby service. 

For illustration, the graph, figure 
1, gives the distribution of capacity 
and output according to the date of 
installation of units for a large system 
during the year 1934. It shows that of 
the total capacity, the 20 per cent in- 
stalled before 1919 was used to give less 
than 2 per cent of the total output and 
the 50 per cent installed before 1926 was 
used to give less than 28 per cent of the 
total output while the other 50 per cent 
installed between 1926 and 1934 and 
incorporating the latest advancements 
in the art as to the size and efficiency of 
machines, higher steam pressure, higher 
steam temperature, more efficient boilers, 
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and all other station improvements gen- 
erated 72 per cent of the total output. 
This progress in securing higher econo- 
mies is a continuous one as long as the 
industry is growing. 


SOURCES OF POWER 


In contrast with the foregoing favor- 


: able situation of the utilities in supplying 
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power, it is evident that large-scale elec- 
trifications under present-day condi- 
tions, if served with power by the rail- 
ways themselves would either require 
several suitably located and relatively 
small power plants, which necessarily 
would involve high unit investment and 


_ operating costs, or alternatively would 


require excessive investment in trans- 
mission facilities in order to distribute 
over a widespread area from some 
centrally located plant. In either case a 
relatively high amount of reserve ca- 
pacity would be needed to insure the re- 
liability of the service. The advan- 
tageous position of the electric utilities 
with their large and economical plants at 
many load centers, and large-capacity 
transmission facilities generally avail- 
able at other load centers not directly 
served by generating plants, is obvious. 


Status of Electrification 


Notwithstanding the fact that steam 
railroads have had the possibility of using 
electric traction available to them formany 
years, they have not found it feasible 
to utilize this form of power except for 
the few special cases to which we have 
referred. The reason for this has been 
stated to be the large new investment 
which would be required. It would be 
appropriate to add practical illustrations 
of the net results of operation before and 
after electrification, taking account of 
the changes in capital investments and 
all other factors affecting the net results. 
Unfortunately most of the comparisons 
available to the public deal in generalities 
or apply only to a specific phase of the 
subject. Furthermore, any comparison 
would be entirely dependent on the cir- 
cumstances of the case, and would vary 
widely between different roads, or divi- 


sions of the same road, depending on. 


traffic, profile, speed, and many other 
conditions. 

Comprehensive data on the results 
of electrification have been published 
for the Chicago, Milwaukee, and St. Paul 
Railroad, and a recent analytical study 
of all the factors affecting the total net 
results of the Italian Railways may be 
found in Mr. Carli’s report to the 1938 
World Power Conference on ‘‘Compara- 
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tive Results of Operations of Italian 
Steam and Electric Railways for the 
Year 1936-37” (Elettrotecnica, April 25, 
1939). From the latter we can draw the 
conclusion that, apart from other im- 
portant advantages unrelated to the op- 
erating costs, their savings by the use 
of electric traction are mainly due to the 
high cost of coal in Italy and would dis- 
appear entirely if their cost of coal were 
the same as in the United States. These 
conclusions are arrived at by a compara- 
tive analysis of Mr. Carli’s tabulation, 
for the steam and electric systems, of all 
expense items that relate to the supply 
of power and operation of the transpor- 
tation department, including interest 
charges on investment in locomotives and 
power equipment. 


The aggregate expense per ton mile of 
steam traction was 17 per cent higher 
than for electric traction. Unfortunately 
Mr. Carli’s study compares steam trac- 
tion with electric under great differ- 
ences in density of traffic; the electric 
lines with only one-third the mileage of 
the steam lines, carried 171/, billion ton 
miles against 21!/. billion ton miles car- 
tried by the steam lines. This fact greatly 
favors the electric-traction system, and 
seriously limits the absolute value of the 
comparisons, although the relative value 
of the conclusions reached above are not 
disturbed. In analyzing the items of 
expense we find that the cost of coal was 
of the order of $8.70 per short ton. The 
equivalent cost for the class I railroads 
in this country was about $2.43, this low 
average price being partly due to the 
Interstate Commerce Commission ac- 
counting system which excludes from fuel 
expenses any cost or charges for its trans- 
portation on the reporting company’s 
lines. But even if a liberal allowance 
were made for such charges, the American 
price per ton of fuel would have been 
less than one-half that of the Italian 
Railways. If the price in Italy had been 
on the same relative basis as in America 
the excess cost of steam traction would 
have been eliminated entirely. 


The electric lines handled the 17.5 bil- 
lion ton miles with an average consump- 
tion of 43 watt-hours per ton mile or a 
total of 750 million kilowatt-hours. Of 
this total the railways generated about 
one-fourth in four hydroelectric stations 
owned by the State, and purchased three- 
fourths from the utilities at 42 high- 
voltage delivery points. These results 
give a practical confirmation of the con- 
clusions reached under the heading of 
“Underlying Economic Factors’ and 
emphasize the fact that such economies 
are secured jointly with an infinitely 
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greater insurance of continuity of service 
which is provided, not only by the large 
number of high-voltage delivery points, 
but also by the numerous generating 
plants back of them, which insure the 
supply of the utilities under abnormal 
conditions of operation. 


Future Possibilities 


Up to 1937 the railways in the United 
States had only electrified to the extent 
of consuming 1,627 million kilowatt- 
hours, which is estimated to be less than 
2/2 per cent of the total business. This 
would indicate that, under present con- 
ditions and prevailing prices of coal, elec- 
tricity has not demonstrated definite 
advantages over steam traction except 
in a very few special cases where other 
considerations unrelated to operating 
costs might have influenced the change 
or where heavy traffic conditions and 
relatively high operating speeds prevail. 
We need considerably more analytical 
information to clarify the problem as 
to why the largest industry in this coun- 
try has not adopted electric traction 
more widely. For the present, there- 
fore, it is impossible to make any sound 
forecast of its probable growth. We 
must, however, bear in mind that changes 
in this country are apt to be rapid and 
powerful and that the utilities may 
eventually find in the railways a field for 
steadily expanding their power sales. 
The theoretical demand for such serv- 
ices, if all the railways were to be elec- 
trified would be of the order of three- 
fourths the present output of the entire 
central-station industry in the country. 
Only a third of this potential total would 
be as large as the present consumption 
of all residential consumers. 

There are many obstacles in the way of 
further electrification which are not re- 
lated to the cost of electric power but, to 
the extent that this cost influences the 
whole problem, the utilities have demon- 
strated that the railways can buy elec- 
tricity from them more advantageously 
than they can secure it in an alternative 
way. In securing this business the 
utilities would be benefiting all their 
customers, because the economies realized 
from service to the railways ultimately 
accrue to the advantage of all users of 
electricity. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 “Transactions Supplement” to ELECc- 
TRICAL ENGINEERING. 
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Overcurrent Performance of Bushing- 


Type Current Transformers 
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Synopsis: Conventional methods used for 
defining and comparing current-transformer 
performances are commonly based on their 
ratio and phase-angle characteristics. For 
years, these characteristics have been con- 
tinuously improved, particularly with re- 
spect to the requirements for metering serv- 
ice. However, from the standpoint of cir- 
cuit protection, current-transformer appli- 
cation becomes more involved and as a re- 
sult, increased attention has been given it. 

A better knowledge of transformer per- 
formance is necessitated by the requirements 
of new relays and protective schemes. At- 
tention to the influence of the d-c component 
in short-circuit transients is especially neces- 
sary when using high-speed relays. Also, in 
differential connections, the necessity for 
equivalent matching of saturation character- 
istics is essential. These are illustrations of 
the types of problems which ratio and phase- 
angle characteristics alone do not solve. The 
analysis of open-circuit saturation curves 
has proved of immense value in the solution 
of these problems. 

This paper gives results of investigations 
on bushing-type transformers that indicate 
the proper choice of analysis procedure and 
the limitations of the various methods for de- 
termining performance under overcurrent 
operating conditions. 


HE PURPOSE of this paper is to 
present the results of an investigation 
on the scope and limitations of saturation 
and loss curves in the application of 
bushing current transformers to relaying 
problems involving the overcurrent per- 
formance. The investigation covered the 
method of taking such data, the methods 
of calculation and the accuracy of ratio 
and phase-angle performance as calcu- 
lated from it, and the application of the 
data to simplification of relaying problems. 
The use of voltage-saturation and watt- 
loss data to analyze the performance of 
magnetic circuits has always afforded a 
means of predetermining the performance 
of devices associated with such circuits. 
Generators, transformers, and similar de- 
vices have their basis of design on these 
known characteristics of the magnetic ma- 
terial used. This leads to simplicity of 
investigation for a given set of conditions, 
and provides information which otherwise 
could be obtained only with the conditions 
peculiar to the investigation. 
Within certain limitations it should be 
possible to formulate a practical analysis 
of the overcurrent performance of bush- 
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ing-type current transformers in terms of 
the induced voltage and associated losses 
in a specified magnetic circuit independ- 
ent of the operating conditions. The 
latter would be specified in terms of ratio, 
secondary burden, and primary-current 
range. These characteristics, if given in 
a desirable form, should be as suitable to 
the application engineer as they have 
been to the design engineer, and should 
find a wide range of usefulness. 


Transformer Performance 
Characteristics 


The conventional method for defining 
and comparing the performance of current 
transformers has been their ratio and 
phase-angle characteristics. Considerable 
information has been published relative to 
the improvement of these characteristics, 
particularly over the ranges of load cur- 
rents and burdens encountered in meter- 
ing service. These characteristics, par- 
ticularly ratio, have been extended to 
cover the higher ranges encountered in 
reldying service. 

With the advent of new relays and pro- 
tective schemes the application of current 
transformers has become more involved, 
and the use of the conventional perform- 
ance data has often proved inadequate for 
successful solution of certain types of 
these problems. Recently much progress 
has been made in application of high- 
speed relays? with the attending prob- 
lem of transient performance by the use 
of open-circuit saturation curves. Many 
have found this criterion of great benefit 
in the solution of problems involving the 
overcurrent performance of bushing-type 
current transformers. 


Saturation and Loss Data 
and Vector Diagram 


A theoretical consideration of the vector 
diagram of the current transformer figure 
1, which is the same as that for the con- 
ventional voltage transformer, shows that 
in general the primary constants of re- 
sistance and leakage reactance do not 
influence the performance, except by vir- 
tue of the indirect influence of the primary 
upon the secondary leakage reactance.! 


Woods, Bottonarti—Current Transformers 


The difficulty of separating these leakage 
reactances is well known, and any effec- 
tive use of the open-circuit saturation 
curve for calculating performance requires 
a knowledge of the approximate value of 
this reactance. For through-type current 
transformers with a ring-type core, sym- 
metrically spaced, distributed secondary 
winding, and reasonably spaced primary 
conductor, the secondary leakage for low 
and medium core densities is sufficiently 
small that it can be neglected./4 The 
usual bushing-type current transformer 
fits these requirements and hence the 
open-circuit saturation curve and equiva- 
lent circuit should lend themselves to the 
simplification of many problems involving 
the knowledge of its performance. 


Method of Measuring 
Excitation Characteristics 


Of the numerous methods of obtaining 
saturation and loss data on current trans- 
formers, the direct measurement of these 
quantities on the secondary winding with 
the primary open-circuited has been 
chosen for its simplicity, flexibility, and 
economy. It has been found when mak- 
ing such measurements that the wave 
shapes of the currents and voltages, and 
the types of measuring instruments used 
have a direct bearing on the results. Pre- 
vious experience indicated satisfactory 
calculations of transformer performance 
could be made from saturation and loss 
data taken by impressing sine wave volt- 
ages and measuring the rms voltages and 
currents. 

As it is often difficult to determine and 
maintain wave form when obtaining satu- 
ration and loss data, tests were made to 
determine the influence of wave shape. 
A 600/5 multiratio bushing current trans- 
former for a 138-kv oil circuit breaker 
was tested; first, using sine-wave im- 
pressed voltage, and second, circulating 
sine-wave exciting current. As illustrated 
by figure 2, both voltage and current are 
essentially sine wave for core densities 
below saturation, while either one or the 
other, or both, must be distorted when the 
core becomes saturated. The results ob- 
tained throughout the complete range of 
core densities are shown in figure 3. These 
curves also indicate, when using sine-wave 
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Figure 1. Typical 
vector diagram of 
current transformer on) 


- exciting current, the difference in results 
from measuring the voltage with a re- 
pulsion-iron voltmeter which reads rms 
voltage, and the Rectox voltmeter which 
reads the average voltage multiplied by 
the form factor 1.11. 

It will be noted that there is quite close 
agreement between the sine-wave voltage 
and sine-wave current excitation curves, 
when the voltage, in the latter case, is 
measured with a Rectox voltmeter. This 
is in accordance with accepted practice, 
as it is known, that for a distorted voltage 
wave having the same average value as 
a given sine wave voltage, the maximum 
flux is equal. The equal values of maxi- 
mum flux represent equivalent flux condi- 
tions independent of wave shape. 


300/5 RATIO 
1——SINE WAVE VOLTAGE —REPULSION-IRON OR 
RECTOX VOLTMETER. 
2-—-—SINE WAVE CURRENT—RECTOX VOLTFMETER 
3—-—SINE WAVE CURRENT-—REPULSION-IRON VOLT- 
METER. 
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Figure 3. Saturation characteristic curves 
taken at sine-wave voltage, and at sine-wave 
current 
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Figure 2. Typical 
oscillograms of cur- 
rent-transformer satu- 
ration characteristics 


(a)—Sine-wave vol- 
tage and current— 
medium flux density 


(b)—Sine-wave vol- 
tage—saturated den- 
sity 
(c)—Sine-wave cur- 
rent—saturated den- 
sity 
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Under operating conditions the primary 
current of the transformer is essentially a 
sine wave. Through the lower-density 
range the exciting currents, secondary 
induced voltages, and burden currents are 
all approximately sine waves. In the 
saturated region all of these quantities 
are somewhat distorted. However, the 
errors introduced by these harmonics are 
relatively unimportant unless they are 
large, and then only when the total excit- 
ing current is an appreciable portion of 
the primary current. These conditions 
are illustrated by the oscillograms of 
figures 4a, b, and c. 

It appears from a practical operating 
viewpoint that saturation tests may be 
made independent of wave form when 
using rms ammeters and voltmeters re- 
sponding substantially to average voltage 
but with an rms sine-wave calibration. 
Such data will give sufficient accuracy for 
most performance calculations. 


Effects of Primary and Secondary 
Winding Locations on Performance 


In an effort to determine the effect of 
and variations in the secondary leakage 
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reactance of bushing transformers at high 
values of overload currents, conventional 
ratio and phase-angle tests were made on 
several oil-circuit-breaker transformers. 
The standard multiratio transformer has 
the total secondary winding well dis- 
tributed over the core, but the various 
lower ratios are obtained by means of 
tapping portions of the secondary wind- 
ing, resulting in relatively poorer distri- 
bution on the low and intermediate ratios. 

From a theoretical viewpoint the varia- 
tion of secondary leakage with the posi- 
tion of secondary winding is increased 
with closer proximity of the primary re- 
turn conductor, with higher magnitudes 
of primary current, with greater asym- 
metry of the secondary winding, and with 
increased core diameters. In this in- 
vestigation the transformers were tested 
with the approximate spacing of the 
primary conductor as encountered in 
practice, and with two different positions 
of secondary winding with respect to the 
primary return as shown by positions AA 
and BB of figure 9. Position AA repre- 
sents the middle axis of the secondary 
winding in a relation to the return con- 
ductor which gives the condition of mini- 


Figure 4. - Repro- 
duced oscillograms 
showing wave shape 
of primary, second- 
ary, and resultant 
exciting currents with 
a secondary burden 
of 50 volt-amperes, 
100 per cent power 
factor 


(a)—Medium flux 
density 
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(b}—High flux den- (c)}—Saturated flux © 
sity density 
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mum coupling, and likewise position BB 
gives a maximum coupling. 

These tests, typical results of which are 
shown by figures 9a, b, and c are not suffi- 
cient in scope to establish definite bound- 
aries for all of the parameters previously 
listed. However, for standard bushing 
current transformers with core dimensions 
and return conductor spacings encount- 
ered in conventional apparatus, and for 
primary currents up to 25,000 or 30,000 
amperes, satisfactory resultsin calculations 
involving relay applications can be ob- 
tained when the secondary leakage reac- 
tance is neglected. This is particularly 
true when it is observed that most of 
such applications use performance data 
based on nonsaturating burden imped- 
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Figure 5 (left). Satu- 3000 300 
ration and watt loss 
characteristics of a 
current transformer 2500 250 
(a)—Voltage versus 
exciting current 
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Figure 6. Ampere- 
turn versus volt-per- 
turn characteristics of 0 
bushing current trans- 
former of figure 5 


ances, which is, at times, coarsely modi- 
fied to meet actual operating conditions. 


Various Forms of Saturation 
and Loss Curves 


The saturation and loss data taken 
under the conditions previously out- 
lined result in a set of data as shown 
in figures 5a and b for variousratios. The 
data thus taken can be shown in several 
different forms, and may be converted 
into similar data for any other ratio using 
the same magnetic core. Two forms are 
indicated by the curves of figures 5 and 
6, and the methods which can be used 
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Figure 7 


(a)}—Equivalent circuit of current transformer 
on secondary base 


(b)}—Vector diagram of (a) 
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for these conversions are given in appen- 
dix II. The first form gives voltage and 
watt loss versus exciting current in sec- 
ondary terms for a given ratio, while the 
second form gives the core loss and magne- 
tizing components on an ampere-turn 
versus volts per turn basis which is inde- 
pendent of the ratio. 

Attention is directed to the curves in 
figure 5, where the full-line curves are 
plotted test data, while the indicated 
points on the 100/5 and 300/5 ratios are 
conversions from the 600/5 data using 
equations 10, 12, and 13 of appendix IT. 
These curves indicate that very satis- 
factory transformations from one ratio 
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Figure 8 


(a)—Simplified equivalent circuit of current 
transformer on secondary base 


(b)—Vector diagram of (a) 
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‘ear, a 
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to. another may be made, the greatest 
source of variation coming from the use of 
commercial rather than precision testing 
facilities. Figure 6 is another form of 
expressing the data as calculated by equa- 
tions 4 to 8 of appendix II. In this form 
they may be considered the master curves 
since they give the fundamental data 
which can be used to calculate the satura- 
: tion and loss curves, and other calcula- 


ANGLE - DEGREES 
to) 


23° 


a 


PERCENT RATIO 
a 
° 


L— 
es 


1005 400 600 800 1000 


(a) 


= Ce Se a 
a 


eh to 
lh tS ae 
25 CO 


could be conveniently called primary 
amperes. 


Calculation of Ratio and 
Phase-Angle Performance 


The formulas for the calculation of 
transformer performance from the satu- 
ration and loss curves are given in appen- 
dix III. These calculations may be di- 
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tions based on these data for any ratio 
using the same core. Since bushing cur- 
rent transformers have only the single 
primary turn, the ordinates for the magne- 
tizing and loss ampere turns of figure 6 
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vided into two classes; the first giving 
both ratio and phase angle, and the second 
giving approximate ratio. In this con- 
nection it is interesting to note the theo- 
retical effect of burden power factor on 
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Figure 9 (left). 
characteristic curves of current transformer 


the phase-angle error of the transformer, 
as illustrated by figure 7. For lagging 
burdens the maximum possible phase 
angle error for any degree of saturation 
is less than 90 degrees and decreases with 
decreasing burden power factor, but in 
practice seldom exceeds 30 or 40 degrees. 
With unity or leading power factor bur- 
dens the phase-angle error may approach 
90 degrees. Hence, for burdens having 
very lagging power factors the second 
method of calculation gives good results. 
The. agreement between the first 
method of calculation and test data is in- 
dicated in figures 9a, b, and c which show 
the comparison between calculated and 


Ratio and phase-angle calculated and test 


(a)—For 100-to-5 ratio 
(b)—For 300-to-5 ratio 
(c}—For 600-to-5 ratio 


Figure 10 


(a)—Typical three-phase relay circuit 
(b)—Equivalent circuit for (a) 
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(b) 


actual test performance. As indicated, 
there is a difference between the results 
which occur for the following reasons: 


1. Neglect of secondary leakage reactance 
which has been previously mentioned. 
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2. Neglect of harmonics, particularly with 
respect to their effect on the phase-angle er- 
ror. The null test method used to obtain the 
phase angle compares the fundamental-fre- 
quency components of the secondary and 
primary currents, while the method of calcu- 
lation has assumed all quantities are of fun- 
damental frequency. 


3. The order of accuracy of test data, in- 
cluding both saturation and loss data, as well 
as ratio and phase-angle data. Test errors 
could be reduced to a minimum by increas- 
ing the precision of the testing facilities. 
However, the work described herein was 
done with ordinary commercial testing 
equipment in order to observe the’ limita- 
tions which might be imposed on the use of 
saturation and loss data in practical appli- 
cations. 


Application to 
Relay Problems 


In a large number of applications it is 
only necessary to determine if the degree 
of linearity of the transformer perform- 
ance with a given burden over a specific 
range of primary current is within re- 
quired limits. A glance at a saturation 
curve such as shown in figure 5a enables 
one to estimate quickly the limits over 
which approximately linear performance 
will be obtained. This can be defined as 
the maximum voltage obtainable. with 
any permissible value of exciting current 
which may be expressed on a percentage 
basis, such as two per cent, five per cent, 
or ten per cent of the total primary cur- 
rent on the secondary base. If with this 
value of exciting current the secondary 
voltage developed is equal to or greater 
than necessary, then the transformer will 
meet the requirements. The procedure 
for this form of calculation is outlined in 
appendix III, part ec. 


In a simple three-phase circuit with 
overcurrent or directional overcurrent re- 
lays, ratio curves can be readily used to 
determine the relay settings for phase 
faults. With the addition of ground re- 
lays and faults involving ground the prob- 
lem of division of the total secondary 
current into the several parallel branches 
of the circuit is encountered as shown by 
figure 10. If the transformer ratios are 
high (high impedance) the current which 
leaks through the parallel circuits may be 
neglected with little error, but when rela- 
tively low ratios are involved this problem 
often becomes quite serious, resulting with 
incorrect relay operation. The saturation 
curve lends itself admirably to the solu- 
tions of problems of this nature as out- 
lined in appendix IV. It will be evident 
that additional refinements can be made 
on this method by taking into account the 
vector relationships and all of the circuit 
constants. Again, in cases involving the 
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paralleling of transformers of two or more 
circuits, similar problems of leakage of 
the secondary current through the mul- 
tiple circuits and the effective burdens 
are encountered. 


Conclusions 


From the foregoing it is evident that the 
open-circuit a-c saturation and loss data 
will be extremely useful in the field of 
relay application. It can be utilized to 
determine relay settings for various mag- 
nitudes of secondary burdens and primary 
currents, as well as ratio and phase-angle 
characteristics. The data may also be 
used to determine the range of linear per- 
formance, which is valuable in any appli- 
cation, and is particularly useful in com- 
paring characteristics of transformers for 
differential protection schemes. Where 
a knowledge of the exciting impedance is 
required for the determination of leakage 
currents in branch circuits, it may be 
easily obtained from the saturation and 
loss curves. This information, like that 
required for transient performance, can- 
not be readily obtained from the conven- 
tional performance curves. 


When the saturation and loss data are 
available on any ratio they can be used 
to determine the performance on any 
other ratio using the same core. Like- 
wise, they can be used for any burden 
within the capacity of the transformer; 
the latter when defined in terms of per- 
missible error and current range, is quite 
evident from such data. This is not the 
case with ratio curves where the applica- 
tion engineer, in the field, often is seriously 
handicapped in the solution of his prob- 
lems by the lack of ratio data on the de- 
sired ratio, burden, or range of primary 
current. Since the versatility of the 
saturation and loss curves lends itself to 
the simplification of many diversified 
problems, they should appeal as a means 
of more clearly defining the overcurrent 
characteristics of bushing-type current 
transformers. 


Appendix |—Glossary 


Ey;—Secondary induced internal voltage— 
secondary base 

Esi/ N—Secondary induced internal voltage 
—primary base 

E,—Primary terminal voltage 

E;—Secondary terminal voltage 

E,/N—Volts per turn 

Es.—Secondary voltage of transformer at a 
specified exciting current 

IX s—Secondary leakage reactance drop 

I,X p—Primary leakage reactance drop 

I;R;—Secondary winding resistance drop 
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I,Rp—Primary winding resistance drop 
y—Secondary burden current 

To4—Permissible value of excitation current 
for a secondary voltage Ex 

NIgr—Total secondary current—primary 
base 

NIs—Secondary burden current—primary 
base 

I-p—Core excitation current—primary base 

Ip—Core excitation watt component of 
current—primary base 

Imp—Core excitation wattless component of 
current—primary base 

I,—Primary current 

I,—Secondary excitation current 

Iw—Watt component excitation current 

Iy—Wattless component excitation current 

Is7—Total equivalent secondary current 

Isx—Equivalent wattless component bur- 
den current J 

Isw—Equivalent watt component burden 
current Js , 

Iy7—Total equivalent secondary wattless 
current 

Iwr—Total equivalent secondary watt cur- 
rent 

Xp2—Equivalent secondary burden re- 
actance 

(R,+Rs)z—Equivalent secondary burden 
resistance 

R,—Burden resistance 

Rs—Secondary winding resistance 

F—Watt component of ampere turns 

M—Wattless component of ampere turns 

T,—Times normal voltage or current 

a—Primary-secondary current phase angle 

6—Burden power-factor angle 

6,—Equivalent secondary 
angle 

6.—Angle between E£, and Isp 

6;—Excitation current angle 

o¢—Core flux 

N—Transformer secondary turns 

W—Core loss watts 

NI—Ampere turns—primary or secondary 
base 

Zy—Total secondary burden impedance 

Zg—Secondary burden impedance 

Z,-—Open-circuit transformer impedance 

Rr, Ri, Rr3, Re—Line and ground relays 

CT,, CT2, CTs—Bushing current transform- 
ers 

I4, Ig, Ic—Line currents of a three-phase 
system 

Zr, ZL, Zry—Impedance of line relays 

Zq—Impedance of ground relay 

Ig—Ground-relay operating current 

Eqg—Relay voltage at Jg current 


power-factor 


Appendix II—Forms of Saturation 
and Loss Curves 


Saturation and loss test data as shown in 
figure 5, may be presented in several forms, 
all based on the ampere-turn excitation re- 
quired for a given induction in any particu- 
lar magnetic circuit. These data have been 
taken with open-circuit primary, reading 
the impressed voltage and watts loss at 
specified values of secondary circulated cur- 
rent. The induced voltage is taken equal 
to the impressed voltage, since the resistance 
drop of the winding is of small magnitude 
and becomes negligible when considered in 
its vector relation to the impressed voltage. 
The watt loss of the secondary winding is ap- 


ELECTRICAL ENGINEERING 


the observed data has been corrected to take 


are im comparison to the core loss and 
: this into account. 


Hence: 


. Ey=E, | (1) 


_ Ata given voltage E; for N turns, the ex- 
é citing current is J,, ora 5a, and the excit- 


_ ing volt-amperes are: 


Pz, - (2) 


_ At this current J, the core loss is W watts, 
figure 5b. The angle between E, and Te 
as shown by figure 7 is 6; and is expressed: 


@;= cos! 


Ell, me 


The exciting current is divided into its mag- 
netizing and loss components Jy and Jy 
respectively: 


Iy=I, sin 63 (4) 


. The data may then be interpreted in 
values independent of the secondary wind- 
ing. 


E 
Induction =— volts per turn (6) 


Excitation = NJ ampere turns (7) 


The excitation in ampere turns is the same 
on either primary or secondary turn basis, 
and since the bushing transformer has only 
one primary turn it follows that: 


ifs = NI xy = M 
and 
Iup= NI w =F (8) 


By the use of equations 4 to 8 a set of 
data for a given ratio and core as repre- 
sented by figure 5a and 6 may be converted 
into the general form as given by the curves 
in figure 6. 

Another convenient form of interpreting 
these test data as obtained on one ratio 
N, to another ratio N2 is shown by the curves 
for the 100 to 5 and 300 to 5 ratios in figures 
5a and 0; and is derived on the following 
basis: 

For a given voltage E,;, and loss W, on 
turn basis N; with exciting J,;: 


Niles = Nel 2 (9) 
Therefore: 
‘= =F (10) 


Likewise the induced voltage per turn: 


En _ Ess (11) 
M N;z 

Therefore: 

Es = Ex, (12) 
and 

W2=1 (13) 


By the use of equations 10, 12, and 13 the 
curves for the 100-to-5 and 300-to-5 ratios 
as shown by the indicated points in figures 
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5a and 6 are calculated and the agreement 
with test values is well illustrated. 


Appendix III—Calculation of 
Performance Characteristics 


(a) Ratio and Phase Angle 


The calculations are based on the equiva- 
lent circuit and diagram figure 7, which re- 
fers all quantities to the secondary side and 
includes consideration of the vector rela- 
tionships. Assume a burden Z, at a power- 
factor angle @, current Js, and ratio N. The 
total burden Zp includes the secondary 


winding resistance Rs. Hence: 
Zr=(Rgt+Rs) +jXp (14) 
@;=cos~! RatRs (15) 
Zr 
Also the secondary voltage required: 
=IsZp (16) 


For this voltage the excitation current J, 
is required and obtained from the saturation 
and loss curves. These currents are then 
separated into their watt and wattless com- 
ponents, and added vectorially as indicated 
in the equivalent circuit and vector diagram 
of figure 7, with the following equations: 
Isw=TIs cos 


(17) 


Isx=TIs sin 6; (18) 
The values for Jw and Jy are obtained 
from the curves of figure 6 for the induction 
E,/N. 
Therefore: 


ae ion eect) (19) 


=I, cos 63 (from figure 5a) 


and 
‘pa M Cron Beare 6) (20) 
=I, sin 6; (from figure 5a) 
Iyr=lIsyt+lwy (21) 
Ixr=Isxtlu (22) 
Igp=V lyr? +Txr’ (23) 
I,=NIsr (24) 
T,,(100 
Per cent ratio= am (25) 


Substituting (24) in (25) and collecting 
terms: 


Is7(100) 
Per cent maio=———— (26) 
Is 
Per cent primary current = 
100 j 
ane) (27) 
Rated primary current 

Phase angle is: 
a=0,—h; (28) 
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Ie 
where #.=tan7! pS 


wr 


(29) 


and 6; is given by equation 15. 
(b) Simplified Method 


The calculations are based on the equiva- 
lent circuit and diagram, figure 8, and as- 
sume all quantities to be scalar values in 
phase with the secondary current. These 
quantities are referred to the secondary 
side. The justification for this method is 
based on the fact that relaying burdens 
usually have low power-factor angles ap- 
proaching the excitation angle. Thus the 
calculated results will indicate poorer ratio 
performance than obtained in service, and 
will disregard the phase-angle performance. 
Under these conditions: 


E,=1, sZr (30) 

where Zr is obtained from equation 14. 
The total secondary current is: 

Tsr=Ist+I, (31) 


where J, is a value of exciting current ob- 
tained from a saturation curve similar to 
figure 5 for a given ratio N at voltage E;. 
The primary current, per cent ratio, and 
per cent primary current are than obtained 
by equations 24, 26, and 27 respectively. 


(c) Linear Performance Range 


The determination of the linear perform- 
ance range of a current transformer may be 
ascertained from a saturation curve by as- 
suming an allowable percentage P of maxi- 
mum primary current J, for the core ex- 
citation current J,,. The exciting current 
on the secondary base becomes 


My de 
I4,= oe re 


32 
N 100 2) 


The value of voltage on the saturation curve 
corresponding to the current J, for a given 
ratio N, yields a developed voltage Eg,. 
Comparing the burden voltage E, at rated 
secondary current with the value E,, indi- 
cates the number of times normal 7), that 
the transformer will function linearly, or 


T,=— (33) 


With J, taken as the maximum primary cur- 
rent and 5WN as the normal primary-current 
rating, then if, T,>I,/5N, the transformer 
provides linear performance over the con- 
sidered range. If 7,<J,/5N, this indi- 
cates that the ratio error is greater than the 
permissible assumed value P per cent and 
requires recalculation on basis of lower 
primary current. 


Appendix |!V—Application of 
Saturation Curve to Typical 
Relay Problem 


A typical problem involves the relay 
protection of a three-phase circuit with 
grounded neutral using phase and ground- 
current relays as shown in figure 10. As- 
sume line-to-ground fault current in phase 
A, and no current in phases B and C, then 
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the equivalent circuit for the three-phase 
circuit is as shown in figure 10b. Current 
transformers CT, and CT; in series with 
their respective line relays form leakage- 
current paths in parallel with the ground 
relay which may appreciably reduce the 
current Jg in the relay. 

Assume the ground relay tap setting re- 
quires an operating current Ig, and follow- 
ing the practice outlined in appendix III, 
part }, wherein all quantities were con- 
sidered scalar and in phase, the following 
procedure may be used to determine the 
approximate value of primary current re- 
quired to operate the relay. 


Eg=I¢Za (34) 


Since Zz. and Zz; are usually small com- 
pared to the transformer impedance, they 
may be neglected thus avoiding the compli- 
cation of using a cut-and-try method to de- 
termine the total value of (Zz3+Zo73). The 
result of neglecting the impedance of these 
relays will be in favor of the ground relay. 


Leo = Shep (35) 


These values may be obtained from a satu- 
ration curve such as shown in figure 5a for 
the voltage Eg on a ratio NV. 


Ts=Igt2L en (36) 
En =IsZ11 (37) 
E,=E;,+Eg¢ (38) 


It then follows that the required excita- 
tion current J,, for CT; may be obtained as 
previously noted for voltage Fs. 


Then 

Tsr=IstTle (39) 
and 

I,=NI gr (40) 


This last equation gives the approximate 
primary current required to obtain the 
ground relay current Jg. 
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Power Supply for Railroad Electrification 


and Fundamentals of Power Contracts 


E. R. HILL 


FELLOW AIEE 


HE PURPOSE of this paper is to 

indicate and clarify the status of the 
American railroad as a major factor in 
the generation and use of power, the ex- 
tent to which steam-railroad electrifica- 
tion has become an element therein, the 
effect of electric-power costs on the ex- 
tension of railroad electrification, and the 
desirable features of power contracts in 
connection with such electrification. 


Railroads as Producers 
and Users of Power 


Before the advent of the electric street 
and interurban railway and the use of 
electricity for domestic and industrial 
lighting and power purposes, the railroads 
of the country were the large producers 
and users of power, of course developed 
in many relatively small steam-locomo- 
tive units. That power business has 
grown until in 1937 the aggregate indi- 
cated horsepower of locomotives in serv- 
ice on the 136 class I railroads (roads 
with operating revenues of more than 
$1,000,000 a year) amounted in round 
figures to 100,000,000 horsepower. This 
compares with an aggregate installed 
capacity of all utility plants—hydro and 
steam—of approximately 50,000,000 
horsepower. 


Extent of Railroad Electrification 


There are approximately 250,000 miles 
of railroads in the United States of which 
235,000 miles are in the class I group. 
Of this total only 1.3 per cent have been 
electrified (6 per cent in the rest of the 
world). This, however, represents a 
considerable mileage, namely 2,965 route 
miles (6,950 miles of track) distributed 
over 24 railroads. The main reason for 
this relatively slow progress is the high 
capital cost of electrification because of 
which operating savings do not result in a 
sufficiently quick payout to virtually 
compel electrification. 


Paper 40-27, recommended by the AIEE committee 
ou transportation, and presented at the AIEE win- 
ter convention, New York, N. Y., January 22-26, 
1940. Manuscript submitted November 28, 1939; 
made available for preprinting December 20, 1939; 
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Advantages of Electrification 


Electrification permits operating ac- 
complishments that are not possible with 
steam power; it increases the capacity 
of a given railroad thus frequently sav- 
ing large expenditure for additional 
trackage or terminal facilities; it adds to 
the attractiveness of the service and the 
comfort of the public; and through op- 
erating savings usually more than pays 
fixed charges. Thus it is conspicuous in 
being a type of railroad betterment that 
provides many desirable facilities and at 
the same time “‘pays its way.’”’ Among 
the outstanding operating benefits are 
great reliability of operation, high degree 
of availability and serviceability of the 
traction units, and the almost unlimited 
amount of power that may be made avail- 
able for the movement of traffic. Under- 
ground terminals and connecting tunnels 
would be impracticable without electri- 
fication and capacity limitations of long 
mountain tunnels are overcome thereby. 

Today probably the greatest demand 
on transportation is for service and the 
above advantages, together with the high 
operating speeds attainable, make elec- 
trification a valuable factor in enabling 
railroads to meet this requirement. 


Operating Savings Due to 
Electrification 


The major elements of operating cost, 
wherein savings by electric power as 
compared with steam are effected, in- 
clude: 


Locomotive repairs. These are considerably 
lower under electric operation and constitute 
one of the largest items of saving. Engine- 
house expenses, inspection, etc., may be in- 
cluded in this general group and in these 
substantial savings are effected. 


Transportation costs enter into the picture— 
these savings are substantial when the im- 
proved operation with electric power can be 
fully realized and the service can be rendered 
with a smaller number of larger train units. 


Miscellaneous and indirect savings usually ag- 
gregate a substantial sum. 


Cost of electric power versus locomotive fuel is 
an important item. Under some conditions 
this cost makes the project unattractive and 
becomes a controlling consideration from the 
standpoint of operating costs and savings. 
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: Advances in the Art 


~ = 


The major advances in the art of power 
production as affecting efficiency and cost 
have been in the conversion of the heat 
energy in fuel into mechanical energy, 
where the efficiency has always been 
relatively low. The efficiency of conver- 
sion of mechanical into electrical energy 
is already high and little improvement has 
occurred or can be expected here. 

During the period of great improve- 
ment in boilers, furnaces, and prime 


_ movers due to more efficient combustion 


methods, higher pressures, and superheat 
and other advances in the design of steam- 
electric generating plants parallel prog- 
ress has been made in the efficiency of 
the steam locomotive. Thus in the past 
15 or 20 years, there has been a reduction 
of about 25 per cent in the coal consump- 
tion on steam railroads per transportation 
unit. In the same period, as shown by the 
Federal Power Commission's statistics, 
there has been a reduction of nearly 50 
per cent in coal burned per kilowatt-hour 
in steam-electric power plants of the 
utility companies. These figures indi- 
cate that in so far as efficiency of con- 
version of fuel into mechanical energy 
is concerned, the stationary plant still 
has the advantage. 


Public-Utility Supply Versus 
Railroad Generating Plants 


In the early days of railroad electrifica- 
tion, including that of terminals and 
certain city transit lines, it was found 
economical or necessary for the railroads 
to build their own power plants. The 
characteristics of the supply—frequency, 
phase, amount and fluctuating char- 
acter of loads, etc.—and the rates quoted 
by utilities for such supply indicated in 
many cases that substantial savings would 
result from the railroad building its own 
plant. An important part of this ad- 
vantage is that the railroad plant is built 
to produce the kind of electric power re- 
quired without conversion from 60 cycles 
and it can be conveniently located with 
respect to the railroad’s load center. 
Latterly, some of these plants have been 


leased or otherwise taken over by the 
utilities and purchased-power contracts 
substituted for railroad generation. In 
connection with most of the larger and 
more important railroad electrifications, 
power in whole or in part is now purchased 
from the utility companies. 


Characteristics of Railroad Load 


All railroads, both in the United States 
and abroad, use for traction purposes 
current of other characteristics than 60 
cycles three phase that now is the gen- 
eral standard in this country for com- 
mercial power systems. This means 
that converting equipment of some kind 
is necessary to produce either direct 
current or 25-cycle single-phase current 
required for railroad operation. De- 
velopment of the static converter type of 
equipment for frequency changing may 
result in increased efficiency of conversion 
and ultimately in lower cost of such 
equipment. 

On the shorter railroad electrifications, 
such as for terminal operation or for 
mountain-grade lines, because of heavy 
train units and other operating con- 
ditions the demand on the supply system 
fluctuates widely. In some cases also 
the peak loads frequently occur at ir- 
regular and unpredictable times. These, 
together with the characteristics of the 
current, are adverse conditions which 
tend to make the supply by the utility of 
such requirements somewhat difficult and 
relatively costly. 

On the other hand, where the railroad 
electrification is extensive and the traffic 
dense and comprised of a large number 
of train units, the fluctuations are not 
unduly severe and the load factor is rela- 
tively high; also the heavy demands 
frequently occur at off-peak times with 
reference to the utilities’ commercial 
load. These features are favorable and 
should tend to reduce the cost of supply- 
ing energy. 


Supply From Several Utilities 


On extensive electrifications where the 
electrified lines cover hundreds of miles 


Table | 
Miles of Miles of Average Load 
Route Track Monthly Factor 
Service Operated Operated Operated Demand* (Per Cent) 

Specie hie o.0 ocdaksconons or eodo ona aemens ASO eer BOO Sees: 37,000. 33-34 
Through passenger service added...........-.+-++: 180 Se onc 3, Ue ea LUE EL Lane oer 46 
Same, with through passenger service extended...... B50 narec.o cs 20 Olas scape LD OOO Breteueiete tals 48 
Same, with through freight added.................-- SSO maa iets 1B 1On. 5. P20 S000) merneeinerts 55 

i tension of through passen- 

She Aan ems ae O1Bscn 2,190.1... 141,500.20: 62 


ger and freight service........--++20e0 esse seers 


* Based on three maximum clock hours per month. 
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of route and cut across territory normally 
served by a number of different utilities, 
it is usually necessary for the railroad 
either to choose between such utilities 
and provide its own transmission lines 
in addition to substations and trolley 
system or to enter into agreements with 
two or more of the utilities. In the 
latter case, the railroad’s entire require- 
ments must be covered and the rates 
should be so applied that the railroad pays 
on the basis of its system load factor; 
otherwise it will be penalized in regard to 
load factor due to dissimilar conditions 
in the different areas traversed. 

In this connection it is interesting to 
note the effect the extension of electri- 
fication has had on the load factor which 
in turn affects the over-all cost of energy 
as illustrated by table I. 

This table shows, as is well under- 
stood, that the load factor of the supply 
to purely suburban electrified lines is low 
because of the heavy morning and evening 
travel and relatively light load at other 
times of the day. 

When this suburban service is supple- 
mented by through passenger traffic or 
by both passenger and freight, there is a 
substantial improvement in load factor. 
When the through passenger and freight 
traffic becomes so extensive and heavy 
as to form the major portion of the load 
an excellent load factor results. Thus 
in the table the average monthly load 
factor gradually increased from 33 per 
cent for suburban traffic only to 62 per 
cent after the entire program of suburban 
and through electrification was carried 
out. If there had been no suburban 
electrification the average load factor due 
to through passenger and freight service 
would have been of the order of 75. 

If the electrification had been divided 
into say three main sections the load 
factor for each section would have been 
lower and the sum of the peak loads or 
demands on which separate billings 
would be based would be of the order of 
eight to nine per cent higher than the 
actual system peak loads. This in the 
case above cited would have represented 
an additional power cost to the railroad 
of more than $200,000 a year. 

The supply of power by several utilities 
at the railroad’s system load factor can be 
made effective in either of two ways: 


1. By the railroad installing transmission 
lines of sufficient capacity to interchange 
power and energy between the different 
areas, thus enabling each utility actually to 
deliver its share or quota of the total demand 
and energy requirements, through the rail- 
road transmission lines, or, 


2. By the utilities jointly contracting with 
the railroad and with each other to supply 
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the portion of the demand and energy ac- 
tually drawn by the railroad in each area 
and combining or pooling the demand and 
energy and jointly billing the railroad. 


Such utilities should be interconnected 
and operated in parallel on the 60-cycle 
side so as to maintain synchronism effec- 
tively and thus avoid momentary inter- 
ruptions in the supply when trains pass 
from one area to another. Most of the 
utilities are already normally intercon- 
nected for their own operating and 
economic purposes and their lines often 
parallel important trunk lines of railroads 
in territory where the traffic is sufficiently 
heavy to warrant electrification. In 
some localities portions of the railroad 
right of way are utilized for transmission 
lines of the utility. Joint use of railroad 
electrification structures is also feasible 
in some cases. | 

It is desirable from the standpoint of 
cost of special equipment that the number 
of supply points should not be unduly 
multiplied. Broadly speaking, the power- 
supply system—railroad and utility— 
should be so planned as to involve the 
minimum total capital expenditure by 
the parties consistent with the require- 
ments of the service. 

In considering electric traction rail- 
roads are confronted with the high capital 
cost and are usually desirous of shifting 
to the utilities as much as possible of the 
cost of power-supplying equipment. 
Locomotives are at present usually pur- 
chased through equipment trusts, the 
money being borrowed at favorable in- 
terest rates largely independent of the 
credit status of the railroad. If a similar 
plan could be devised for financing the 
roadway power equipment at favorable 
rates, greater progress in railroad elec- 
trification might result. 


Cost of Electric Energy 


It is generally believed that a public 
utility engaged in generating and supply- 
ing electric power to all sorts of customers 
should be able to produce power at lower 
cost than can be done by a railroad in its 
own power plant or plants; also that 
utilities are willing to supply the railroads 
on the basis of actual cost, including a 
reasonable return on investment and, 
therefore, there should no longer be any 
question as to whether a railroad about 
to electrify should purchase its power or 
generate it. There are a number of con- 
siderations, however, that enter into this 
question and which have an important 
bearing upon the railroad’s decision to 
buy power from the utilities on such cost 
basis. Amongst these are the rates coy- 
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ering fixed charges on capital investment 
which the utilities may find necessary 
to use in arriving at cost and which may 
for a number of reasons be relatively high. 

Such factors coupled with the rail- 
road’s ability to generate in its own plant, 
conveniently located, the form of energy 
required to operate its trains, may in 
certain cases more than offset the lower 
cost to the utility of generating its stand- 
ard form of electrical energy and then 
converting it for railroad use. 

The trend in the average cost per kilo- 
watt-hour for purchased energy has been 
downward for the past ten years or more 
in respect to residential, commercial, and 
interurban and street-railway business. 
There was no definite downward trend in 
the cost of energy purchased for steam- 
railroad electrification until 1935 and 
since then the reduction appears to have 
been mainly due to improved load fac- 
tor or some other special conditions 
rather than the lowering of rates. 


Power Contracts 


Experience has shown that power 
contracts as between railroads and elec- 
tric utility companies in order to be gen- 
erally satisfactory to the railroads should 
provide for the following railroad re- 
quirements: 


(a). The contract should be for a long term 
—say 20 years with renewal options—so as 
to amortize on a low rate basis the cost of 
special equipment. A longer term than 20 
years would be permissible if the rates for 
demand and energy are on a “‘cost”’ basis 
thus assuring to the railroad the benefits of 
advances in the art. 


(6). The utility should preferably, al- 
though not necessarily, provide and own the 
special equipment and supply the power at 
the phase, frequency, and possibly the volt- 
age required for railroad operation. This 
would minimize the investment by the rail- 
road but fixed charges on same should be on 
a low basis comparable with rates applicable 
to the railroad’s own capital expenditures. 


(c). It is preferable to the railroad for the 
utility or group of utilities to supply power 
at a sufficient number of points in the elec- 
trified zone to take advantage of the utili- 
ties’ networks to reduce investment costs by 
the railroad and at the same time further as- 
sure reliability of the supply. 


(d). While the railroads would like to pur- 
chase power on a flat or sliding rate per kilo- 
watt-hour, much as they purchase fuel, it 
has so far been impracticable to work out 
such a basis and separate demand and en- 
ergy rates are customarily used. 


(e). Demand charges should be on a 
monthly basis and should be established by 
averaging three or more clock-hour peak 
loads in the month. In selecting such peak 
hours, those caused by abnormal and emer- 
gency conditions should be excluded. Sys- 
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tem peaks rather than sectional peaks should 
be used in determining the maximum de- 
mand. When railroad peaks regularly oc- 
cur at utility off peak times such as between 
9:00 p.m. and 7:00 a.m., this should be re- 
flected in a fair way in the demand rate. 


(f). The energy charge should be based on 
the summation of meter readings at all 
points and is properly subject to correction 
for fluctuations in cost of fuel. The de- 
mand and energy charges may be on agreed 
rates or they may be based on the actual 
cost to the utilities within upset or over-all 
limits, the elements of such cost being de- 
fined, the rate used in billings in any yearly 
period being based on the actual cost for the 
preceding year. 

(g). Where a substantial portion of energy 
is generated in hydroelectric plants of either 
the contracting utility or its affiliates and is 
furnished on a cost basis a suitable correc- 
tion factor should be applied because of the 
high first cost and low operating cost of such 
plants. 

(h). Power contracts should be as simple as 
possible as to form and should eliminate all 
unnecessary conditions and stipulations 
that might lead to misunderstandings and 
disputes. No guarantee as to load factor 
should be required of the railroad, nor should 
guarantees as to the minimum demand 
charge following a previously established 
maximum be required. While minimum 
loads of two-thirds or three-fourths of the 
previously established demands have been 
stipulated in some railroad contracts, it is 
preferable from the railroad’s viewpoint to 
eliminate such clauses, Wide variations are 
inherent in the nature of the traffic on 
trunk-line railroads and are quite beyond 
the control of the management. They 
should be understood and recognized by the 
utility but should not appear in the contract. 


In conclusion, the writer would ex- 
press the hope that the downward trend 
in the cost of generating and distributing 
electric power will presently be reflected 
in the rates offered for railroad electrifi- 
cation and will be on a scale which will 
make the cost of power one of the major 
items of saving by electrification. It is 
also the hope that at the same time ways 
may be found materially to reduce the 
capital cost of electrification. If these 
things can be accomplished, important 
pending projects may be undertaken 
with every assurance of attractive finan- 
cial as well as operating results. In that 
case, power companies operating in the 
vicinity of newly electrified railroad lines 
would be assured of large additional 
blocks of load, and the best interest of 
two important groups of public servants 
would be mutually advanced. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘“‘Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 
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on a Metropolitan Power System 
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HE purpose of this paper is to outline 

procedures and discuss pertinent 
problems that arise when restoring service 
to a metropolitan system following a 
major shutdown. In the discussion, con- 
sideration is given to the fundamental 
plan of the system, pointing out the in- 
herent features in the design which pre- 
vent such failures. Several cases of 
trouble which have been the cause of 
service curtailment have been discussed 
and the service restoration procedure out- 
lined. <A brief outline of the essential 
procedure is given for two types of service 
restoration. 

The conclusions and procedures dis- 
cussed in this paper are the result of ex- 
perience gained from failures which have 
occurred on the Duquesne Light Com- 
pany system. It is recognized that the 
resultant procedures and conclusions may 
not be applicable to other systems. How- 
ever, this paper does discuss many condi- 
tions which are common to all systems 
and therefore this paper may be helpful 
in formulating a service restoration pro- 
cedure. 


Description of Facilities for 
Supplying Load Areas 


The power sources of the Duquesne 
Light Company system are comprised of 
three steam generating stations and two 
medium-capacity interconnections. The 
Colfax power station, which is located 18 
miles east of Pittsburgh on the Allegheny 
River, delivers its 262,500-kw capacity to 
the 66-kv transmission system. The 
Brunot Island and Reed power stations 
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which are located 4 miles north of Pitts- 
burgh on the Ohio River, have a total 
capacity of 236,500 kw; use a common 
switch house; and, in general, supply the 
1l-kv and 22-kv load for the downtown 
Pittsburgh area and the industrial section 
adjacent thereto. All the power stations 
are directly connected to the 66-kv trans- 


Schematic diagram of the Du- 
quesne Light Company system 


Figure 1. 


Inserts show schematic bus diagram of power 
stations 


mission system which acts as a high- 
capacity tie between the generating sta- 
tions. 

The 66-kv transmission system and the 
power stations normally have a running 
order that provides two segregated power 
systems which are referred to as the north 
and south rings. The 66-kv transmission 
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system is essentially a ring surrounding 
the major part of the Pittsburgh territory 
having a secondary ring extending north 
and west along the Ohio River. This 
scheme provides a duplicate source to 
each of the substations located on the 
transmission ring. The sectionalizing of 
the system into a north ring and a south 
ring is accomplished by reactors between 
respective bus sections at the power 
stations (figure 1). 

There are eight step-down substations 
on the transmission ring which feed defi- 
nite load areas. In general, these stations 
feed isolated load blocks but are provided 
with secondary ties which are used for 
emergency power transfers. These sub- 
stations are the source of the 22-kv feeds 


o32-/ 


COLFAX 


DRAVOSBURG 


to the distribution stations supplying 4-kv 
service in the congested areas. They also 
supply the street railways and the high- 
voltage industrial service. In general, 
each one of these substations comprises 
a complete unit of the distribution system 
(figure 2). 

The downtown Pittsburgh area and the 
industrial area adjacent to it are supplied 
from the Brunot Island switch house and 
are not directly dependent upon the 66-kv 
transmission ring. This area is supplied 
by a 4-kv radial system and a low-voltage 
network. The network system has four 
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Figure 2. Schematic diagram of the Wood- 
ville 66-kv ring substation and related trans- 
mission circuits 


separate areas, two areas having 4-kv 
feeders from downtown substations, and 
two areas fed at 11-kv from the Brunot 
Island switch house. Each 11-kv network 
area has its power source from bus sec- 
tions operating on opposite sides of the 
ring. The feeds to these areas are further 
protected by connecting individual feeders 
to separate bus sections. The il-kv 
cables which feed other services are con- 
nected to the Brunot Island bus in the 
same manner. The failure of a single bus 
section in the switch house, therefore, 
should not result in interruption of custo- 
mers’ service (figure 3). 

In addition to the network load, the 
Brunot Island switch house is the source 
for various street-railway stations, and 
numerous high-voltage customers. The 
combined load in this 16-square-mile area 
reaches a maximum of 100,000 kw, 25 per 
cent of the system load. Due to the high 
load density in this area and the relatively 
short transmission distance, this service 
is supplied at the generator voltage. 

The fundamental plan of the bulk 
power system involves its segregation into 
two main sections, commonly referred to 
as the north ring and the south ring. This 
provides ties between generating sources 
over two distinct and separate paths; and, 
due to the method of connecting the 
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halves at the power sources through re- 
actors, permits a fault to be immediately 
isolated with minimum effect on the re- 
mainder of the system. This plan re- 
duces the probability of a major system 
shutdown due to transmission trouble. 
In the event of a ring split, the reactors in 
the power stations can be shunted out, 
thereby relieving the transformers of 
possible overloads. 

A complete failure of a ring substation 
should only affect a limited area, although 
it may result in a ring split. The power 
requirements for these areas can be par- 
tially supplied by utilizing tie lines to 
adjacent areas, thus limiting the effect of 
a major substation failure. Transmis- 
sion capacity is provided to cover the loss 
of one ring substation transformer bank. 

The Brunot Island switch house is op- 
erated with two main bus sections, using 
the bus tie breakers to provide the 
emergency back up. Further protection 
is provided at the Brunot Island switch 
house by the isolated-phase construction. 


Power-Station Auxiliaries 


The layout of the auxiliary system fol- 
lows, in general, the same plan as the 
transmission system. Two sources are 
supplied the duplicate equipments on each 
of the major generating or boiler units. 
One of these feeds usually has its source 
direct from the unit itself, while the re- 
maining equipment has its source from 
other units or transformer banks con- 
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nected to the opposite side of the trans- _ 
mission ring. Auxiliary power sources — 
are provided by separate steam-driven 
station-service generators, station-service — 
generators driven from the shafts of main 
units, or station-service transformer 
banks. This provides combinations con- 
sisting of either a house generator and a 
station-service transformer or station- — 
service transformers supplied from op- 
posite sides of the transmission ring. The 
separate voltage sources minimize the loss 
of auxiliaries due to disturbances on the 
transmission system. Station-service gen- 
erators are available at the Brunot Island | 
and Colfax power stations to assist in the 
initial start-up of these stations. The 
Brunot Island station-service generator, 
while not located in the Reed power sta- 
tion, is available for use at that location. 

The major part of the station-service 
power supply is equipped with voltage- 
transfer devices which transfer the unit 
auxiliaries to a normal-voltage source in 
event of failure of the regular power sup- 
ply. The voltage transfer eliminates the 
necessity of other types of reclosing. 
Simultaneous reclosing devices, provided 
to energize the auxiliary busses after a 
complete outage, do not appear advisable 
in many cases due to the characteristics 
of the auxiliary drives. 


In addition to the general plan of sec- 
tionalizing all the main power sources into 
two sections, much effort has been ex- 
pended in improving the bus construction 
and clearances, installing faster relays and 
circuit breakers, co-ordinating insulation, 
providing gas barriers and fire protection, 
and improving test and maintenance 
procedure, all with the intent to decrease 
the probability of failures. 


With the ring substations responsible 
for the service of eight major load areas, 
and the Brunot Island switch house 
covering the requirements for downtown 
Pittsburgh and adjacent areas, the 66-kv 
breakers at the ring substations, or the 
66-kv breakers at the power stations, have 
adequate capacity to restore these load 
areas. 


The low-voltage network presents a 
somewhat different problem and a master 
control switch has been provided at 
Brunot Island to reclose simultaneously 
any combination of breakers feeding each 
of the network areas. This simultaneous 
reclosing of each network area prevents 
de-energizing sections of the Brunot 
Island switch house for the purpose of 
reclosing the network through a bus-tie 
breaker. The  simultaneous-reclosing 
scheme was easily applied due to the use 
of spring-operated breakers which elimi- 
nated consideration of control difficulties 
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involved during simultaneous reclosure of 
solenoid-operated breaker mechanisms. 


“ Operating Experiences 


In discussing the operating experiences 
of the Duquesne Light Company which 
have involved an outage toa major section 
of the system, a brief outline of the type 
of loads served is necessary in order to 
visualize the response of the customers to 
service restoration. 

The residential and commercial load, 
which is mainly lighting, is approximately 
25 per cent of the total system load. The 
growth of refrigeration and air condition- 
ing appear to be factors which will in- 
fluence restoration of this service in cer- 
tain areas. The industrial service, which 
comprises about 53% of the system load, 
includes much rotating equipment pro- 
vided with low-voltage interlocks, the use 
of which prevents instantaneous pickup 
upon restoration of service. The remain- 
ing load is mainly street-railway service, 
which is supplied by synchronous con- 
verters or motor generator sets. This 
equipment is sensitive to system disturb- 
ances and generally requires manual res- 
toration, except for a few unattended 
automatic stations. It is not unusual for 
a noticeable decrease in system load to 
occur following a severe voltage disturb- 
ance, due to the loss of synchronous equip- 
ment. It is believed that this condition 


Figure 3. Schematic diagram of typical 
Brunot Island section and related transmission 


is more favorable to rapid restoration of 
service than residential and commercial 
load, which approaches a resistance char- 
acteristic. 


The major hazards which would involve 


a serious outage on the system fall into 
three classes: 


1. Electric Failures at Vulnerable Points 
on the System. These involve failures either 
of bus sections in the power stations, trans- 
former failures, or ring substation failures. 
These failures are the most frequent type of 
hazard, but, except for one or two cases 
which occurred many years ago, they have 
not caused other than a momentary disturb- 
ance to the system. The loss of one main 
generating unit is not considered a serious 
hazard as adequate spare capacity is nor- 
mally available at all times. 


2. Loss of Transmission Facilities Due to 
Storms, Hurricane, or Sleet. This condi- 
tion would severely interfere with service 
but fortunately very little trouble has been 
experienced in the Pittsburgh district due to 
these causes. The geographical location 
precludes any great probability of a hur- 
ricane or tornado impairing the transmission 
system. The hazard from sleet is relatively 
great in this area. Severe sleet storms 
have not involved any important trans- 
mission circuits since 1925, although they 
have occurred frequently immediately ad- 
jacent to the Duquesne Light territory. 
Electrical storms are severe in this locality 
and have caused most of the major trans- 
mission failures. 


8. The Flood Hazard. The flood hazard 
has been recognized and the system facilities 
have been installed to provide continuous 
service beyond what appeared to be a record 
flood. However, in March 1936 the most 
severe flood in the history of Pittsburgh oc- 
curred and resulted in an almost complete 
shutdown of the system; all but 2,500 kw 


circuits of the entire system load was dropped. 
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In the Pittsburgh district a flood does not 
present any serious hazard to the main 
transmission system, although it does affect 
many parts of the system serving industrial 
customers and domestic customers. How- 
ever, due to flood conditions, these custom- 
ers could not utilize the service if available. 
The generating stations, being in the river 
valleys, are subjected to the full brunt of the 
flood wave. 


The most severe outage the system has 
experienced, except in the flood, occurred 
on Sunday evening, September 25, 1927, 
at 7:17 p.m. as a result of instability. Ex- 
tending over a period of 31 minutes fol- 
lowing the start of this disturbance, severe 
hunting existed between power stations 
and between generating units within the 
power stations. In order to restore stabil- 
ity to the system it was necessary to 
sectionalize the system, each area being 
fed by a separate generating unit with the 
load so proportioned as to come within 
the unit’s capacity. The switching in- 
cidental to this split up was performed 
during the instability and resulted in im- 
mediate recovery following its comple- 
tion. This disturbance resulted from a 
combination of factors which involved 
operation of the system below the normal 
voltage level while transformer taps were 
being changed to raise the voltage level 
of the 66-kv transmission system. This 
resulted in lower generator voltages 
which, combined with an error in the load 
forecast as a result of the changeover from 
daylight saving time, resulted in the 
instability. It is not expected that this 
condition will occur again from these 
causes due to the rigid maintenance of 
generator voltages and the operation of 
adequate reserve capacity. 


There have been within recent years 
two major disturbances resulting from 
transmission-line failures which have up- 
set the normal distribution of load in the 
transmission ring. On both occasions the 
66-kv transformers at Brunot Island were 
tripped by the overload relays, isolating 
more load on the station than could be 
carried. 


One major outage due to a transmis- 
sion failure occurred on July 3, 1929. The 
primary cause of this disturbance was the 
failure of a ground wire on a four-circuit 
river crossing between the Wilmerding 
and Dravosburg substations on the south 
ring, splitting the south ring. This opera- 
tion interrupted the normal power flow 
through this section which supplied part 
of the south-ring substations and the 
south-ring feed to the Brunot Island 11- 
kv bus. The interruption caused the 
power flow to seek a path across the re- 
actor bus at Colfax along the north ring, 
through the 66-ky transformers at Brunot 
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Island across the, 12-kv reactor bus and 
out through other 66-kv banks to the re- 
maining substations on the south ring. 
This redistribution of load caused 
severe overloads on the transformers con- 
nected to the north ring at Colfax and 
Brunot Island. The overload relays on 
the Brunot Island transformers connected 
to the north 66-kv ring tripped this bank, 
leaving 130,000 kw of load isolated on the 
Brunot Island station with 100,000 kw of 
capacity operating at 50,000-kw load. 
Due to the inability of the station to carry 
the entire load the frequency dropped to 
56 cycles, reducing the load to approxi- 
mately 110,000 kw. In a short time the 
steam pressure dropped from 190 pounds 
to 145 pounds and the voltage dropped 
from 11,600 volts to 10,200 volts. Asa 
result of the low steam pressure the 
Brunot Island output decreased to 92,000 
kw, indicating that it was necessary to 
quickly drop part of the connected load 
at this station in order to prevent the 
steam pressure from reaching a level 
where the station would have to be com- 
pletely shut down. This is particularly 
important at this station, due to steam- 
driven auxiliaries for the boiler room and 
turbine room. The 66-kv transformers to 


sulted in a smaller total load than existed 
previous to the disturbance. The pos- 
sibility of a simultaneous failure of any 
four-circuit transmission line is considered 
to be so remote that no precautions are 
taken to provide for this contingency. . 

Another major disturbance due to a 
transmission failure occurred on August 
13, 1935, at 9:11 a.m. This occurred at 
approximately the same relative location 
on the north ring as the south-ring dis- 
turbance just described and involved a 
double-circuit tower line. The conditions 
preceding this disturbance were abnormal, 
in that a 60,000-kw unit at the Reed 
power station was out of service for main- 
tenance. Enough capacity was operating 
in the Brunot Island power station to pro- 
tect against the loss of one of the 66-kv 
transformer banks, thereby providing 
backup for the Brunot Island local load. 
However, lightning struck this two-cir- 
cuit transmission line and the resulting 
relay operations split the north 66-kv 
ring, routing the feed to the Valley dis- 
trict through the Brunot Island 12-kv 
bus and 66-kv transformers on the north 
ring. 

Immediately preceding this disturb- 
ance the Brunot Island station output 
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Figure 4. System 
condition following 
the 1936 flood 
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the south ring and the transformers feed- 
ing the 22-kv transmission system were 
opened, relieving the station of all but the 
local 11-kv and low-voltage network load. 
The frequency and voltage recovered to 
normal and the station load settled at 
75,000 kw. 

With the frequency back to normal the 
station was immediately paralleled with 
Colfax through the north 66-kv ring and 
the 22-kv and 66-kv transformers re- 
closed. There were no difficulties ex- 
perienced in picking up the load which was 
a result of service restoration. The near- 
ness of this disturbance to noon hour re- 
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was 20,000 kw with 55,000 kw _ boiler 
capacity in service. The local Brunot 
Island bus load was 64,000 kw, 44,000 kw 
of which was being fed in through the 66- 
kv transformer banks. The sectionaliz- 
ing of the north ring diverted about 
40,000 kw additional through the south 
ring, which, added to the 44,000 kw re- 


quired for the local 12-kv bus load, re- © 


sulted in operation of the overcurrent 
relays on the south-ring 66-kv transform- 
ers. This isolated 104,000 kw of load on 
the same bus section with 55,000 kw of 
generating capacity operating at 20,000 
kw. Under this tremendous overload the 
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steam pressure dropped from 190 pounds | 
to 100 pounds within one minute, and to 
60 pounds within another half minute. A 
maximum load of 64,000 kw was observed 
on the Brunot Island station immediately 
after the stations had separated. 


Immediately following the tripping of 
the south-ring transformer breaker at 
Brunot Island, the Brunot Island-Am- 
bridge 66-kv lines were opened, relieving 
the generators at this plant of 40,000-kw 
load, in an attempt to restore the fre- 
quency in order to synchronize with Col- 
fax. This load was immediately reclosed 
on the Colfax power station. After this 
relief, the Brunot Island generator load 
continued to decrease to 35,000 kw and 
then slowly decreased to about 22,000 kw, 
due to loss of steam pressure and failure 
of steam-driven auxiliaries. The fre- 
quency at this time was below 50 cycles, 
that being the lowest frequency scale 
observed and the bus voltage decreased 
from 11,600 to 7,500 volts. At this time, 
the Brunot Island 11-kv bus was de- 
energized and all generating equipment 
disconnected from the bus. 


De-energizing the Brunot Island 11-kv 
bus resulted in a complete outage to the 
23,000-kva low-voltage network load and 
all of the 11-kv and 22-kv transmission in 
the area adjacent to downtown Pitts- 
burgh. Various 11-kv loads were sec- 
tionalized at Brunot Island during the 
disturbance and service was restored to 
the network and the remaining loads by 
energizing the 11l-kv. bus from Colfax 
through the north 66-kv ring transform- 
ers at Brunot Island. Preceding the res- 
toration of network service, the Colfax 
power station load was 137,500 kw. Im- 
mediately upon re-energizing the Brunot 
Island station, which involved only the 
low-voltage network and a few 11-kv 
services, the Colfax load increased 56,500 
kw to 194,000 kw. In the intervening 
period the remaining circuits, which had 
been sectionalized in an effort to relieve 
the Brunot Island load, were reclosed. 
By 9:42 a.m. the Colfax station load had 
increased to 252,000 kw. During this 
interval the generators at Brunot Island 
were synchronized on the system and 
brought up to 29,000-kw load. 

At one interval shortly after service 
had been restored the station operators 
reported a total system load of approxi- 
mately 282,000 kw between the usual 
15-minute reading interval. This peak 
existed for approximately 5 minutes and 
was thought at the time to have resulted 
from the loss of diversity in refrigeration 
and elevator loads due to the extended 
period of the outage and some excess load 
due to simultaneous re-establishment of 
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service by the high-voltage industrial 
customers. 
These two cases of trouble involved a 
complete outage to relatively large blocks 
of load and yet in both cases when service 
was re-established there was no evidence 
that the generating equipment was un- 
able safely to handle the load. 


Since this last disturbance, generation 
_ and spare capacity has been allocated to 
_ the several load areas in such a manner 
_ that not only is the system protected for 
_ loss of generating capacity but each major 
_ load area is protected against loss of either 
generator or transmission capacity, except 
_in the case of four-circuit tripouts. 
There have been two other recent ma- 
jor electric failures which involved bus 
sections at the Colfax power station. In 
one case a 60,000-kw unit was completely 
crippled, due to a three-phase short cir- 
cuit which destroyed an entire 12-kv bus 
section. The unit operating setup pre- 
vented these failures from interfering with 
_ the operation of the balance of the sta- 
tion, except for the voltage disturbances 
during the fault. 


The most serious outage the system has 
ever observed started on March 18, 1936, 
as a result of the all-time record flood on 
the Allegheny and Monongahela Rivers. 
The flood stage reached a maximum ele- 
vation of 46.2 feet which was 36.2 feet 
above the normal river level. The highest 
previous flood, since the settlement in 
Pittsburgh, occurred, in March 1907, at 
which time the flood reached a level of 
39.7 feet. Serious trouble was first en- 
countered at a 39-foot stage about 4:00 
a.m. on March 18. Preceding this time a 
few transmission and distribution circuits 
had been lost and most of the high-voltage 
customer stations in the low-lying indus- 
trial districts had been taken out of serv- 
ice at the customers’ requests. Shortly 
after this flood water began to involve 
major substations and equipment. In 
rapid succession the 66-kv north-ring 
transformers at Brunot Island; the 11-kv 
control board at the Stanwix substation 
which feeds part of the downtown Pitts- 
burgh district; and all system transmis- 
sion and distribution services on Neville 
Island and adjacent districts along the 
Ohio River were removed from service. 
During this period the communication 
circuits were failing. By early morning 
contacts had been lost with many substa- 
tions, the Brunot Island and Reed power 
stations, and the dispatching headquarters 
for the downtown distribution division 
and the substation division. 

The operating problem during this pe- 
riod consisted of isolating faulted equip- 
ment and maintaining what service was 
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Figure 5. Typical 
stoker boiler re- 
sponse curves—con- 
stant steam pressure 
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possible on the remaining lines. About 


7:00 a.m. the flood had reached the cir- 
cuit-breaker mechanisms of the 66-kv line 
breakers at Colfax power station and the 
66-kv and 22-kv line breakers at Brunot 
Island, making it impossible to operate 
any of the outdoor switching equipment 
and crippling the protective-relay system. 
However, this equipment was not re- 
moved from service due to failure of the 
control. When necessary, switching was 
done manually from boats. The system 
load reached its peak Wednesday at about 
8:00 a.m. and decreased steadily after that 
time due to the flooding of customers’ 
equipment. The loss of load on the 
system due to the effects of the flood re- 
duced the system demand below the avail- 
able capacity of the generating stations 
so that up until the time of shutdown 
there was adequate power for all essential 
services that were outside of the flooded 
areas. 

Although the  low-voltage-network 
areas in downtown Pittsburgh were prac- 
tically all flooded, service was available 
until the system shut down. The sub- 
marine-type equipment withstood the 
flood with an insignificant amount of 
damage. 

The Brunot Island station was the first 
generating station to abandon operation. 
The Reed power station was taken out of 
service at 11:20 a.m. due to flooding of 
the electric-bay basement. The turbine 
room was not flooded. 

The Colfax power station continued to 
operate until 3:50 p.m. although a leak in 
the foundation which was adjacent to a 
field rheostat required removing from 
service a 40,000-kw unit at 11:37 a.m. 
This leak and some minor damage to the 
electrical equipment was repaired and the 
unit was about ready to return to service 
when it was necessary to shut down the 
entire station. 

It was known for some time previous 
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that there was little chance of averting a 
general shutdown. The 66-kv transmis- 
sion system had been sectionalized so that 
the opening of a single breaker would 
drop a block of load. By this means the 
shutdown could be accomplished in an 
orderly manner without undue risk to the 
equipment at Colfax. It was also thought 
best to drop the load by opening a single 
beaker in order to forestall damage to 
customers’ equipment which might result 
if operated at low voltage and frequency. 
The authorization to shut down was 
given at 3:47 p.m. following a rupture in 
one of the foundation walls in the Colfax 
power station, The dropping of sectional- 
ized load areas proceeded and as the Col- 
fax station load was reduced a generating 
unit was disconnected from the system by 
opening the main transformer breakers. 

The first unit was off the line at 3:50 
p.m., three minutes after the shutdown 
authorization was given and the last unit 
was off the line at 3:58 p.m., 11 minutes 
after the initial order. The station-serv- 
ice generators had been flooded by water 
entering the air ducts and were not avail- 
able for some time preceding the shut- 
down. The total system load dropped 
was approximately 110,000 kw. This 
procedure was executed in remarkable 
fast time without any operating errors or 
any other event which in any way dam- 
aged any of the generating equipment or 
exposed the operating personnel to undue 
risk. All main equipment was de-ener- 
gized before the flood water reached the 
insulation. 

At this time several 22-kv transmission 
lines, which had previously been trans- 
ferred to adjacent power companies, were 
carrying a load of approximately 2,500 
kw, which saved the system from a com- 
plete shutdown. 

The problem facing the operating or- 
ganization at this time involved complete 
de-energizing of all the substation control 
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equipment in order to conserve station 
service batteries until such time as the 
transmission system could be again en- 
ergized. 

With the generating stations shut 
down, the only possible way of restoring 
a few of the most essential services rested 
on the availability of the interconnec- 
tions with other utilities. The need for 
station service at the power stations was 
of prime importance to permit immediate 
re-establishment of dewatering operations. 
While arrangements with other utilities 
were being made for power supply, atten- 
tion was given to organizing the dispatch- 
ing facilities of the substation and distri- 
bution departments. These dispatchers 
were moved to offices adjacent to the 
system operator to eliminate telephone 
congestion. These moves did not retard 
the rehabilitation work as no action could 
be taken until the flood waters had re- 
ceded about ten feet. In the meantime 
the management formulated a “‘service 
priority list’’ to designate the order by 
which service was to be re-established. 
The list follows: 


1. Communication 


(a). Police and fire signal systems 
(6). Telephone communication, including tele- 
graph 


2. Essential service, including cities, towns, 
and townships 


(a). Water pumping 
(b). Hospital service 
(c). Dairies 

(d). Bakeries 


8. Street service 


(a). Municipal street lighting 
(6). Street cars (curtailed service only) 


4. Newspapers 

5. Domestic electric lighting 

6. Commercial light and power 
7. Industrial 


Startup From System Shutdown 


Before discussing any plans or sequence 
of starting up a system, it should be recog- 
nized that the cause of shutdown neces- 
sarily dictates the method of re-establish- 
ing service. With this thought in mind, 
two types of shutdowns will be discussed. 
The first case will have particular refer- 
ence to the flood failure, which, briefly, is 
a type where total generating capacity is 
curtailed and cannot be immediately re- 
stored. A second case is assumed whereby 
some unforeseen electrical failure causes a 
complete shutdown, with the power 
sources, transmission system, and substa- 
tions immediately available for service 
re-establishment upon isolation of the 
faulty equipment. 

The system was shut down in an orderly 
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manner in spite of the communication 
difficulties. This was due in part to in- 
structions to all substations not to at- 
tempt reclosure in event of circuit failures 
and also to open and clear all circuits in 
event of loss of power supply. Prior to 
shutdown, arrangement was made with a 
local radio station to broadcast switching 
instructions to the Colfax power station, 
in the event of complete telephone failure, 
but these arrangements were not used. 

First consideration was given to estab- 
lishing station service to the Colfax power 
station. This was accomplished at 6:33 
p.m. by use of a 22-kv interconnection 
with the West Penn Power Company to 
the Dravosburg substation. This station 
then energized Colfax through a 66-kv 
line and one of the main transformer 
banks. These banks were without their 
water-cooling facilities and were operated 
intermittently to prevent overheating. 

The 66-kv interconnection with the 
Pennsylvania Power Company at Valley 
substation was energized next at 8:04 p.m. 
and Colfax transferred to this source. 
The West Penn Power Company tie was 
unavailable due to flooding of both the 
Colfax and Springdale switchyards. 

Due to the flooding of the 11-ky cable 
potheads at the Brunot Island switch 
house, service could not be restored at 
this station until the cable terminals 
could be replaced, although a source of 
feed was available. The cable operation 
was complicated by the flooding of the 
11-kv grounding-bank connections. The 
Brunot Island plant was completely 
flooded so that normal service facilities 
could not be used to dewater the plant. 


The next major step was restoration of 
the Bell Telephone facilities in the down- 
town area served from the 11-kv network. 
This customer had a multiple-unit vault, 
one cable of which originated at Grant, 
and energizing the network feeder, all 
network transformers were stripped from 
the network feeder and the street main 
fuses opened at the Bell vault. The 
pickup of this service cannot be overem- 
phasized, as its effect was immeasurable 
in insuring communication channels both 
for civic and company use. 


On March 19, 1936, all load that had 
been restored was carried by the 66-kv 
interconnection at Valley and numerous 
22-kv interconnections with the West 
Penn Power Company, each source serv- 
ing isolated load blocks. At approxi- 
mately 9:30 a.m. on this date, many sub- 
station busses and transmission lines were 
energized to facilitate service restoration 
to water-pumping stations, and other es- 
sential loads, most of which were served 
at 11 kv or 22 kv. At 12:15 p.m. addi- 
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tional capacity was added to the system 
by closing the Colfax-Springdale tie line 
to the West Penn Power Company. All 
load at this time was confined entirely to 
essentials, and the total system output 
limited to about 40,000 kw. In order to 
limit the service pickup to the priority 
list, a gigantic task was being performed 
by the distribution department in strip- 
ping the necessary circuits of non-essen- 
tial load in order to limit the output to the 
interconnected capacity available. 

On March 20, service was broadened to 
include some residential load, mostly 
rural, for the re-establishment of water 
supply. A total of about 30,000 kw was 
added in this manner, bringing the system 
output to about 74,000 kw. 

Meanwhile, the power stations depart- 
ment was working to restore generating 
capacity, but was handicapped in many 
ways. At Brunot Island, for instance, the 
station was badly flooded and had to be 
dewatered. To accomplish this, a flood 
pump had to be moved in by a crane 
which required 500-volt d-c service. As 
the rotary converters at the Brunot Island 
station were inundated, service to the 
crane could not be established until a 
rotary converter was made available. By 
the time this was accomplished station 
service was available from the switch 
house through temporary leads. 


The Reed power station, after drying 
out the coal-handling and circulating- 
pump equipment, was restored to service. 
It was necessary, however, to inspect and 
clean all the electrical connections in the 
Brunot Island switch house before power 
could be utilized from this unit. The 
boiler plant at Reed was kept on a live 
bank during the entire period, by permit- 
ting the coal reserve in the bunkers to 
drop to the floor and manually firing 
through the end doors, utilizing natural 
draft. The boilers supplied steam for a 
boiler feed pump which was temporarily 
modified to pump the seepage from the 
turbine room basement. 


To fully appreciate the problem at Col- 
fax, requires a brief description of the 
plant at the period immediately following 
shutdown. The flood water, while not 
affecting the turbines or generators, com- 
pletely inundated the turbine-room base- 
ment crippling the main-unit auxiliaries 
entirely. In the switchyard, water had 
reached the 66-kv breaker mechanisms 
for the 66-kv lines and the West Penn 
Power Company tie line and had damaged 
practically all control cable. 

At the time of the flood a 30,000-kw 
unit was being overhauled. All the auxil- 
iary equipment below flood level that 
could be removed was moved above flood 
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level thereby providing enough motors 


on another 30,000-kw unit to replace the 
flooded equipment. This made it possible 
to start the first 30,000-kw unit at 4:10 
a.m. on March 22 about 84 hours after 
the shutdown. 

In contrast to the other plants, Colfax 
had station service shortly after the shut- 
down. The boiler plant was completely 
down, and the first stoker-fired boiler 
placed in service about 391/, hours after 
shutdown. 

At 5:15 p.m., March 23, the Reed num- 
ber 1 unit was returned to service, increas- 
ing the system capacity. At this time the 
scope of pickup was expanded to include 
all available residential load. All distri- 
bution circuits outside of the flood area 


_ were cut in, and part of the load which 


had been stripped from circuits was re- 
stored. The pickup for this day amounted 
to about 50,000 kw. 


The estimated demand at this point was 


about 20,000 kw in excess of capacity. 


This condition was set up to improve the 
load factor and with the intent of drop- 
ping any excess load over the peak period. 
During this period emergency overload 
ratings were in effect on all operating 
equipment. 

The addition of generating capacity to 
the system required special relay settings 
and bus setups to protect adequately the 
equipment involved. These setups were 
too numerous to mention, but it is im- 
portant to note that all equipment ener- 
gized had some sort of protection pro- 
vided. The system at this time was still 
segregated into several isolated load 
blocks with the largest block carried by 
the Duquesne Light Company stations. 
All of the available interconnections were 
still in use. 

The load pickup was made along well- 
defined lines. As generating capacity 
was made available, a program was de- 
vised to bring the system peak load up to 
the available capacity. This was ac- 
complished by preparing an hour-by-hour 
forecast of system load for the next day. 
As the system proper was still isolated 
into load areas, the load to be added was 
tabulated under the area affected and a 
total determined for the forecast. The 
aggregate of the areas gave a forecast for 
the system which was surprisingly ac- 
curate. Since the essential loads available 
were already connected, the forecast pro- 
gram assisted in determining the amount 
of excess power available in an area that 
could be prorated to the next succeeding 
service class on the priority list. On 
March 24 and 25 many industrial custo- 
mers were reconnected on a restricted 
basis. As the generator capacity was in- 
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creased, the isolated load blocks fed by 
various, interconnections were transferred 
back to normal and by March 26, all 
services connected were on an unre- 
stricted basis. At this date, however, 
there were many customers without serv- 
ice in the flooded areas. 

After energizing the 11l-kv bus at 
Brunot Island, the testing and energizing 
of the low-voltage network began. The 
transformers were cleared on all 11-kv 
feeders and the feeders tested individually 
from Brunot Island. With the feeders 
out, all transformer units unaffected by 
the flood were closed and the feeders closed 
at Brunot Island on a dead bus. The bus 
and network were then energized by 
closing an adjacent bus tie. It was neces- 
sary to conduct these tests with several 
cables and all available transformers to 
provide sufficient short-circuit current to 
clear a network fault. 


Immediately following the return to 
service on an unrestricted basis on March 
26, the emergency routing was rapidly 
converted into a heavy maintenance pro- 
gram. Figure 4 summarizes the progress 
of service restoration. 


Station Pickup Capacity 


There are several definite limitations 
that must be observed in determining the 
amount of load that can be picked up 
instantly and yet protect the equipment. 


1. The load block that is to be picked up 
must fall within the overload capacity of 
the turbine and the steaming capacity of 
the boilers. The electrical equipment can 
usually withstand any load the turbine can 
deliver for a short time. Failure to ob- 
serve this limitation will result in stalling the 
system. 


2. The load pickup should not be so sud- 
den or be such a large part of the available 
capacity as to cause priming of boilers with 
the danger of water carry-over damaging 
turbine blading. 

3. The rate of load pickup on a turbo- 
generator which has just been rolled and 
synchronized must be held within the limits 
set by the manufacturer in order to pre- 
vent damage to the blading. This limit is 
usually about five per cent of the rating per 
minute. If the shutdown has been of 
short duration, the turbines which were 
carrying load preceding the disturbance 
usually will not have a rate of pickup limi- 
tation. 


The boiler capacity in general sets the 
load conditions. Tests on individual 
boilers show that instantaneous changes 
in the steaming rate can only be realized 
when accompanied by a pressure drop 
using the accumulator effect of the boiler 
for the sudden increase in output. The 
curves (figure 5) show the rate at which 
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the steaming rate is increased by an in- 
crease of the combustion rate. Powdered- 
coal boilers respond as shown and can hold 
the rating after the initial pickup. Stoker 
boilers are more uncertain in their per- 
formance due to the variation in condi- 
tion of the fuel bed. A stoker boiler with 
a light fuel bed can produce a high rating 
for a few minutes but may not be able to 
hold the output until such time as the 
fuel bed can be built up for operation at 
the higher rating. This may require at 
least one-half hour before the ultimate 
rating is available. 

Repeated tests have indicated that the 
following pickup ratings can be met in 
everyday operation. The standby boilers 
or boilers counted as having reserve ca- 
pacity should be operated at not less than 
15 per cent of their normal rating in order 
to keep the fuel beds ready for additional 
load. With this requirement met the 
boilers are then able rapidly to increase 
their output to 250 per cent of the initial 
output, provided the maximum rating 
of the boilers is not exceeded. The boiler 
spare capacity is based on this pickup 
ratio and the same ratio would apply for 
restoration of system load. 

Theoretical studies have been made of 
boiler performance under these emergency 
conditions, but these studies, in general, 
indicate the optimum condition rather 
than the practical aspect. 


One of the definite limitations in the 
pickup rate is personnel. An emergency 
load pickup greatly increases the attention 
required from the boiler operator; for 
instance, the feed water control is made 
semiautomatic to reduce the drum level as 
a preventative of priming, the dampers re- 
quire resetting, and additional fans may 
be required. The coal feed is increased, 
the powdered-fuel boiler burners may re- 
quire relighting if the auxiliary power sup- 
ply was lost during the load drop. All 
these duties must be attended to manu- 
ally and the rate at which the operating 
organization can accomplish these moves 
determines the degree by which the opti- 
mum rate of pickup can be reached. 

Upon the occurrence of a major shut- 
down the several power stations im- 
mediately take such measures as may be 
required to hold what load is left or to 
protect the equipment. In general, the 
safety of the equipment takes precedence 
over system service, since once a disturb- 
ance has occurred any abnormal risks to 
equipment may result in further trouble 
which will require days instead of min- 
utes to remedy. During the emergency 
the electrical switchboard operator be- 
comes the key man in the stations, con- 
tacting the system operator, and advising 
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the turbine and boiler-room operators of 
the system conditions and other informa- 
tion as fast as it is available. 

The system operator is advised as soon 
as possible of the general conditions within 
the plant and furnished an estimate of 
the pickup capacity and the time re- 
quired to perform this pickup. During 
this interval the station conditions will 
be returned to normal as fast as possible 
but no attempt will be made to restore 
service until all the elements contributing 
to service restoration are under control. 
Upon the sounding of the emergency 
alarm, certain picked maintenance men, 
who have had operating experience re- 
port to the turbine room, boiler room, and 
control room to augment the operating 
personnel and assist in the extra duties 
caused by the emergency. In event of 
loss of communication with the system 
operator, each plant will attempt to limit 
the load by opening lines, in order to re- 
tain reasonable steam pressures and pre- 
vent a general failure of the generating 
stations. 


Experience so far has indicated that 
conditions on the transmission system and 
the time interval required by the system 
operators to co-ordinate the emergency 
activities retard the rate at which service 
is restored well within the limits of the 
power stations. 


In order to start up a system which has 
been shut down, a plan or program must 
be provided. If, for instance, the flood 
hazard is great, a flood program is neces- 
sary. On the other hand, if shutdown 
is the result of failure unforeseen, the plan 
of pickup is determined by the remaining 
available facilities and the possible setup 
ensuing at the time. When a failure oc- 
curs, the operating personnel goes on its 
own, the load dispatchers, switchboard 
operators, and so on down the line must 
accept and share the responsibility of per- 
forming the duties required. Recogni- 
tion must be made of existing rules gov- 
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erning operation such as overload ratings, 
equipment protection, and rate of-pickup, 
and all these factors co-ordinated. In 
conclusion, past experience has proved 
the need for a pickup program. The 
major considerations necessary for mak- 
ing two types of plans for start-up are 
tabulated below and have proved jin- 
valuable in the restoration of service. 


I. PREDETERMINED SHUTDOWN 
CAUSED BY FLOOD 


Curtail service 
saving all equipment possible. 
pedites the start-up. 


in an orderly manner, 
This ex- 


Provide system operator with elevations 
of all equipment in flood area referred to 
river elevations. 


Provide operating departments with de- 
tailed instructions giving the required work 
and material location for protection or sal- 
vage at incremental flood stages. 


Establish communication facilities. It is 
necessary to enlarge existing facilities to 
care for increased traffic. Also emergency 
radio channels and adequate messenger 
service are needed. It is essential that 
boats and automobiles be provided for the 
messengers. 


Provide station service to power stations. 
Standby interconnections, small oil-engine 
generator sets for lighting, and small power 
uses are essential. Steam-driven auxiliaries 
with stoker boilers are also desirable. 


Provide a “priority of service schedule”’ 
with the necessary operating instructions to 
effect immediate restoration of service for 
public safety or health. 


Provide a loading program based on the 
“priority schedule’. This is based on the 
amount and character of the various service 
classes. Utilize restriction of service dur- 
ing emergency, either by municipal proc- 
lamation or appeal by company execu- 
tives in order to widen scope of service res- 
toration with limited capacity. 


Establish operating personnel routine. It 
is necessary to provide a training program 
as part of operating routine to prepare for 
floods. During the emergency it is neces- 
sary to insure adequate food, safe water, 
and provide shelter and in some cases, 
clothing for employes. In addition it is 
essential that an immediate checkup be 
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made of home conditions for those employes — 
retained on duty. 


Observe strict limits on total working 
hours to protect employes from sickness and 


injury. 
II. SHUTDOWN CAUSED BY 
FAILURES Not PREDETERMINED 


Make a survey of system conditions im- 
mediately following a major shutdown of 
this type. This provides sufficient time to 
collect thoughts and avoids rash moves 
which may further damage equipment and 
thereby complicate service restoration. 
This further provides sufficient time to 
determine the status of the power plants 
and locate the failure. 


Provide a plan of restoration. The plan 
will depend on the facilities available for 
operation. It is extremely desirable to 
maintain some firm boiler capacity to initi- 
ate the restoration plan. If possible, paral- 
lel a part of the generating capacity with 
available interconnections, and back feed 
power to the interconnection to establish 
firm plant capacity. When possible, paral- 
lel generating plants through the transmis- 
sion system to increase the pickup ability. 
Restrict the rate of service restoration to 
avoid recurrent curtailment, and if re- 
quired, segregate the system into load 
blocks which, when added, will not be in 
excess of the available turbine or boiler 
plant capacity. Co-ordinate the rate of 
service restoration with actual conditions 
of boilers and other essential power-plant 
equipment. 


Establish a routine for operating personnel. 
Complete co-ordination is necessary be- 
tween the load dispatchers and the switch- 
board operators. Provide plans for aug- 
menting this personnel during emergency, 
and these plans should be predetermined 
and included in the operating routing. In 
conclusion, place complete confidence in the 
operating personnel to get out of trouble; 
they are intimately acquainted with their 
specific phase of operation, and can do the 
job best. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 “Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 
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Synopsis: This paper sets forth briefly two 
general procedures that may be followed in 
starting the system of the Philadelphia Elec- 
tric Company after a complete shutdown, 
and also gives some experiences relating to 
re-establishing service. There is also in- 
cluded an outline of some of the major prin- 
ciples of design followed in the development 
of the system which are important in mini- 
mizing the chance of a complete system 
shutdown and in facilitating restoration of 
service in the event of a complete outage. 


T is believed that the problem of ex- 
peditiously restoring service from a 
system in the event it is completely inter- 
rupted may be divided essentially into 
two parts. The first has to do with oper- 
ating routines which require that the oper- 
ating men are thoroughly conversant with 
the many things that they are required to 
do at such times so that upon instructions 
from the system operator various activi- 
ties in connection with restoring service 
will be carried out with little or no confu- 
sion. Needless to say, the process of re- 
storing service is much easier when the 
layout, both in the stations and in the 
connections between stations that com- 
prise the backbone of the system is not 
complicated and has a high degree of uni- 
formity. . 
The second part of the problem of re- 
storing service has to do with the maxi- 
mum size of the block of load that must be 
picked up at one time, which if very large 
may cause trouble due to automatic 
opening of circuit breakers or difficulties 
due to the steaming rate of boiler plants 
not increasing rapidly enough. 
Fortunately, in the case of the Phila- 
delphia Electric Company, there are no 
single blocks of load large enough to make 
this a real problem. The largest of the 
three networks in the central business dis- 
trict of the City of Philadelphia has a peak 
demand of only about 10,000 kw. The 
load of the Pennsylvania Railroad Com- 
pany, while slightly exceeding 100,000 kw, 


Paper 40-31, recommended by the AIEE committee 
on power generation, and presented at the AIEE 
winter convention, New York, N. Y., January 22- 
26, 1940. Manuscript submitted November iy, 
1939; made available for preprinting December 16, 
1939; released for final publication March 30, 1940. 
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n System After Complete Shutdown 
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can be split into two parts for the purpose 
of re-energizing. In this case it is be- 
lieved that the load will build up to the 
figure of approximately that before the in- 
terruption occurred over a period of sev- 
eral minutes as the trains get under way. 
The load of the Philadelphia Rapid Tran- 
sit Company, which is of the order of 100,- 
000 kw, is supplied from a number of dif- 
ferent locations and therefore presents no 
problem in restoring service. 

For the reasons outlined in the preced- 
ing paragraph, this paper will concern it- 
self mainly with principles of design fol- 
lowed and development of the system in 
order to facilitate restoration of service, 
and to the operating procedures followed 
in order to re-establish service as quickly 
as possible. 


Description of Bulk Power System 


The bulk power system of the Philadel- 
phia Electric Company (see figure 1) is 
that of a divided arrangement of the 66-kv 
and 220-kv transmission facilities into two 
backbones of the system; parallelism of 
the two distinct high-voltage systems be- 
ing effected on the 13-kv busses through 
the transformers at the major load centers 
of the Philadelphia Electric Company and 
on the 66-kv ring bus of Christiana sub- 
station (Wilmington) and the 66-kv bus- 
ses of Deepwater station. At Conowingo 
hydro station, the divided arrangement of 
the 220-kv transmission facilities extends 
to and includes the 13-kv generator bus- 
ses. 

The major load centers of the Philadel- 
phia Electric Company are the steam gen- 
erating stations and large high-voltage 
step-down substations. From these load 
centers energy is transmitted to distribu- 
tion substations and to customers having 
high-voltage service. Customers of this 
type are also supplied from distribution 
substations. 

The distribution of the generating fa- 
cilities of the company among the major 
load centers is such that a satisfactory bal- 
ance of the generating capacity and area 
load in each load center is obtained. The 
comparison of generating facilities and 
load of each load center is given in table I. 

The capacity of the transmission facili- 
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ties between all load centers, generating, 
and high-voltage step-down transformer 
stations, is adequate to make generating 
capacity of one area available to another 
for economical system operation or as re- 
serve coverage in providing for the possi- 
ble loss of generating equipment on any 
part of the system, 


Principles of Design 


Some of the general principles of design 
that are followed are enumerated in the 
following paragraphs: 


1. Generating capacity is provided as close 
to the load areas as economics and other 
conditions make practicable, or in other 
words it is the desire to make each load area 
as nearly self-sustaining as possible under 
the circumstances encountered. In the case 
of generation by hydroelectric plants this is 
obviously not possible, due to the location of 
suitable sites being some considerable dis- 
tance from the load. 


2. Simplicity of layout. It has been the 
practice of this company for a great many 


Table !. Generating Capacities of the Various 
Load Centers and Approximate Amounts of 
Load That May Be Supplied Through Each 


Center 
Generating 
Capacity Area Load 
(Kw) (Kw) 
RIcHMONd ys caren. « 255,000), 2... 180,000 
Delaware.......... 183) O00Rsames 2 137,000 
CMOSCORS sa iecc vie wie cine T2G; O00 mites 130,000 
Deepwater......... ‘58; O00 Kear salle 40,000 
Sehitylkcil srs. clas 1793000). 170,000 
Paschal ye afcuereuvebovelastararin san le ales 20.000 
Conowingo......... Z52;000 sip. sue.6 3,000 
Plymouth Meeting.............. 25,000 
Westmoreland Fieiccicte stnlee-tarelsteves 100,000 
Barbadoes Island... 45,000....... 75,000 
Motal srenestcth ss 1,098,000 kw... 900,000 kw 


* Westmoreland load area included here as in 
Conowingo load area for the purpose of restoration. 
Normally it is part of the Richmond-Delaware area. 


years to avoid complication, both in the sta- 
tions and in connections between stations, 
in view of the many advantages thus to be 
obtained. 


3. The system is so sectionalized as to mini- 
mize the effects of faults. As pointed out, 
the portion of the system operating at 66 kv 
is operated to all practical purposes as two 
separate 66-kv systems, which are intercon- 
nected at certain points mentioned earlier in 
the paper. The operation of the 66-kv sys- 
tem in this manner not only gives lower 
short-circuit duty on switchgear, etc., but 
minimizes the disturbance produced under 
such fault conditions. The sectionalizing 
of the system is further planned so that fail- 
ure of any one locality should not reduce the 
capacity available to carry the load in this 
particular area below that required for the 
load involved. 


4. Quick clearance of faults. Very much 
has been done, particularly in recent years, 
in reducing the length of time required to 
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clear faults on those portions of the system 
where quick clearing isimportant. This in- 
volves the use of pilot-wire relays on 66-kv 
cables, differential protection of busses and 
transformer banks, and for certain applica- 
tions circuit breakers that will clear a fault 
within eight cycles (0.13 second). 


5. Isolation of equipment. Considerable 
attention is being given to the arrangement 
of equipment in switch houses, provision of 
barriers, etc., to provide a proper degree of 
isolation in the event of oil fires, explosions, 
etc. There is now under way complete 
modernization of the Schuylkill switch house 
which changes the layout from the present 
double 13-kv sectionalized bus to a six-sec- 
tion sectionalized ring bus with modern 
switchgear at the sectionalizing points and 
at several other important locations. It is 
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believed that a layout of this type should do 
much to minimize the amount of capacity 
affected in the event of a fire or explosion. 
In the case of outdoor substations consider- 
able attention is given to the location and 
spacing of equipment so that in the event of 
a failure it will not affect other equipment 
which is used for reserve purposes. 


6. Interconnection. The most important 
of the interconnections of the system of the 
Philadelphia Electric Company with other 
companies is the 220-ky interconnection 
with the Pennsylvania Power and Light 
Company and the Public Service Electric 
and Gas Company of New Jersey. This in- 
terconnection not only provides advantages 
in the way of economy of operation, gener- 
ator reserve, etc., but is extremely useful in 
the event of an emergency. 
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Starting Generating Station 
From Shutdown State 


It has been indicated that each load 
area of the Philadelphia Electric Company 
system is adequate unto itself in generat- 
ing capacity. Thus restoration of the 
system load should a complete shutdown 
occur may be a matter of starting each in- 
dividual station, restoring the area loads 
and then paralleling the sections of the 
system to return to normal operation. 

The restoration of each generating sta- 
tion is usually dependent on the supply to 
the auxiliary light and power busses, 
This supply, in the event of any station 
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shutdown, may be provided by an elec- 
trical feed from an outside source. Fail- 
ing this, the thermal capacity of the boil- 
ers in most of the stations is such that it 
would be possible to start up the auxilia- 
ries and even a main unit. Thus, steam- 
driven d-c sets can furnish power for 
_ Stoker drive and for emergency lighting; 
a Duplex circulating-pump set can be op- 
erated as a generating unit of 200-kw ca- 
. pacity and supply stoker sets, and fans 
and steam-driven oil pumps can be op- 
erated to restore oil-fired boilers. In one 
station a house turbogenerator is available 
to carry auxiliary load. 

In instances of an individual station 
shutdown, however, an electrical feed 
from an outside source would usually be 
available for supply to the station auxil- 
iary light and power bus and other than 
the usual starting measures should be un- 
necessary. 

The supply to the electrical auxiliaries 
of Richmond station is indicated in figure 
2. The electric auxiliaries in the other 
steam stations are supplied from trans- 
former banks stepping down from a 13.2- 
kv bus and there are no transformers con- 
nected to the generator leads and no house 
turbogenerator. 


Restoring the Station Load 


When an operating bus has been sub- 
jected to an interruption, the bus is 
cleared; that is, all bus circuit breakers 
are opened. As the generating sources 
are restored to the bus, the outgoing lines 
are gradually restored and at no time will 
the capacity of these lines exceed that of 
the restored generating capacity. The 
operators in distribution and industrial 
substations restore their load gradually 
not exceeding the capacity of the lines 
made available to them. 


Speed of Load Restoration 


The restoration of the load should not 
proceed too fast for the boiler operators to 
handle. Delay may arise, however, if the 
dead busses are not cleared immediately 
after the interruption, as the simultaneous 
energizing of a number of large transform- 
ers and an appreciable amount of load 
from one source may cause a severe drop 
in voltage. This might result in the loss 
of auxiliaries such as boiler feed pumps 
and fans. As an instance, at the time of 
the complete system shutdown of April 4, 
1937, the Schuylkill, Chester, and Wil- 
mington areas were simultaneously closed 
to Deepwater station within a few minutes 
after the initial outage. The load of these 
areas just previous to the outage was ap- 
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proximately 90,000 kw. During the in- 
terruption, Deepwater station continued 
to supply the load of the Atlantic City 
Company and of the Du Pont Manufac- 
turing Company, the combined load being 
approximately 40,000 kw. When the 
transformer equipment and considerable 
of the load of the three areas were simul- 
taneously restored on Deepwater station, 
the voltage surge caused the loss of a boiler 
feed pump and the drop in steam pressure 
delayed the restoration. 

In the initial step of restoration, the 
load of Deepwater station increased from 
40,000 kw to 100,000 kw, Deepwater thus 
picking up all but 30,000 kw of the normal 
load of the three areas. The steam pres- 
sure at Deepwater station fell to 930 
pounds, and 19 minutes elapsed before 
normal pressure, 1,300 pounds, was re- 
stored. The load of the three areas re- 
quired 20 minutes to return to normal. 


livering maximum output, the procedure 
would be as follows, all stations having 
cleared their dead busses when the outage 
occurred, 


il, Conowingo hydro station; bring all hy- 
dro units to synchronous speed. 


la, : Deepwater station will energize lines to 
Christiana substation. 


1b. Christiana substation will energize lines 
to Chester station and restore its 11-kv 
load. 


lc. Chester station will energize its 66-kv 
busses and 13-ky bus from the Christiana 
substation 66-kyv lines and restore its load. 


2. If pilots are not received on 220-kyv lines 
at Conowingo one minute after outage, all 
units will be closed to bus and both 220-ky 
lines to Plymouth Meeting substation will 
be energized, 


3. Plymouth Meeting substation will re- 
store the 66-kv lines to Westmoreland sub- 
station and Barbadoes Island station, and 
restore 33-kv lines, a 


o3/-2 
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If the bus of each load area had been 
cleared, the restoration could have pro- 
ceeded in successive steps rapidly effected 
as pilot lights indicated the lines had been 
re-energized. 


Operating Procedures 


Either of two methods may be followed 
in starting up the system after a complete 
shutdown and the choice of method may 
depend on the normal system load at the 
time of outage and the generating capaci- 
ties that had been in operation just previ- 
ous to the disturbance. 

If, for instance, the shutdown occurs in 
the early morning hours, when Richmond, 
Schuylkill, and Deepwater stations had 
been operating at minimum loading, and 
Conowingo hydro station had been de- 
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4. Plymouth Meeting substation will paral- 
lel with the 220-ky interconnection. 


5. Westmoreland substation will energize 
66-kv lines to Richmond and Schuylkill sta- 
tions. 


6. Westmoreland substation will restore its 
13-kv lines including the Delaware station 
tie lines. 


7. Richmond station will restore its 66-kv 
and 13-kv lines including the Delaware sta- 
tion tie lines. 


7a. Delaware station will restore its load 
on the first group of tie lines to receive a 
pilot, and then parallel the second group of 
tie lines. 


8. Schuylkill station will energize the 66-kv 
lines to Chester station and its 13-kv lines. 


9. Chester station will restore the system 
to parallel operation by synchronizing the 
Schuylkill station and Christiana substation 
66-kv lines. 
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10. Other generating capacities that had 
been in operation may then be restored. 


If the shutdown occurs during a heavy 
load period the restoration may be effected 
by each generating station restoring the 
load of its own area. When this is done, 
the sections of the system will be paral- 
leled to establish normal operation. In 
such outages, there is one important rule; 
namely: 

“Clear the dead bus.” 
As has been mentioned, this means that 
all circuit breakers of the dead bus must 
be opened. In restoring the lines and 
apparatus, this practice will avoid a repe- 
tition of the fault without being aware of 
its location and will prevent a voltage dis- 
turbance and the confusion that may arise 
if too much load is re-energized when the 
first unit is closed to the bus. The control 
_ of the return of the load also may be more 
satisfactorily maintained in this manner. 


Initiative of Station Personnel 


The restoration of generating capacity 
within the station to full speed and volt- 
age is a function of the operating person- 
nel of that station. The availability of 
an outside supply for the starting of the 
station auxiliary equipment, however, is a 
function of the load dispatcher, as is the 
direction of the energizing of the bus and 
the restoration of outgoing lines. 

Co-operation between the boiler room, 
turbine room, and switchboard operators 
of necessity and through the realization by 
each group of their respective functions is 
of automatic response. The personne! of 
the boiler room knows that the station 
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output must be restored to what it was 
before the disturbance and they also know 
what their part in the program must be. 
The personnel of the turbine room are also 
familiar with their responsibilities and 
this is also true of the switchboard opera- 
tors, for the operations all of these men 
must perform in an emergency are similar 
to their everyday functions. 

It is in the location, inspection, and iso- 
lation of faulted equipment that a high de- 
gree of initiative is very essential. The 
confusion that usually attends this type of 
station failure is usually the cause of un- 
due delay in restoring the station to opera- 
tion. The electrical supervision must 
first of all observe the essential safety 
regulations and see that none of the equip- 
ment in the area being inspected is ener- 
gized until all men have left the scene. 
His inspection is primarily to determine 
what equipment may be re-energized and 
what switching must be done to isolate 
the faulted equipment. The performance 
of this function as expeditiously as pos- 
sible will mean usually that the restora- 
tion of the station will be effected with- 
out any unnecessary delay. 


Other Effects of Shutdown 


On the system of the Philadelphia Elec- 
tric Company the procedure in starting up 
after a complete shutdown does not re- 
quire any changes in relay settings or 
alterations of any nature in the protective 
scheme. 

Regarding the possibility of interfer- 
ence with telephone and signal systems, 
this is present for the duration of the 
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fault and, in some of the past occurrences, 
has resulted in trouble on the circuits of a 
railroad company but has had no appar- 
ent effect on the leased telephone com- 
munication circuits used by the company. 


Conclusion 


The possibility of a complete shutdown 
of the system of the Philadelphia Electric 
Company is extremely remote, particu- 
larly as a result of changes effected in 
operation and design during the last two 
years. 

The starting up after a complete shut- 
down, if it should occur, may be effected 
by starting each individual station sepa- 
rately as the generating capacities and 
the load of each major distributing center 
approaches a balance. 

The restoration of all but the 25-cycle 
railroad load should usually be effected 
within five minutes, and the entire system 
within ten minutes, provided the func- 
tioning of the operating personnel is 
satisfactory. 

So far as can be foreseen at the present 
time, it is expected that the design of 
system extensions will follow the same 
general principles now in use, except that 
sectionalized ring busses will likely be used 
more generally in the future instead of 
double busses. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘“‘Transactions Supplement”’ to ELEc- 
TRICAL ENGINEERING. 
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Synopsis: The bulk power system of The 
Detroit Edison Company is designed and 
operated in five power-plant load areas. 
These load areas are “‘loose linked” to pre- 
vent uncontrollable trouble in any one of 
them causing a total shutdown. 

The internal design of the load areas is 
arranged to permit of ready sectionalizing 
in event of serious area shutdowns, thereby 
permitting the load to be picked up in small 
Pieces. Such sectionalizing is practicable 
because the distribution lines are largely 
radial, that is, are not connected together 
beyond the substation. 

A limited amount of experience data are 
given on the behavior of generators under 
instantaneously applied loads. 

The rationale of emergency operating is 
developed and the special instructions out- 
lined. 


ESPITE the efforts of central-sta- 

tion operators and designers to the 
contrary, there occasionally occurs a 
complete shutdown of an entire major 
electrical system or a large section of one. 
Unless, in the design and the operation of 
the system, proper account has been 
taken of such a contingency, it may prove 
very difficult to again “‘start up”’ the sys- 
tem and unnecessarily long service outage 
may result. 

Accordingly, it was felt that a sympo- 
sium covering the design and operating 
practice of several large systems with re- 
spect to “‘starting up’”’ would prove help- 
ful to those facing such a problem. It 
is as a part of such a symposium that this 
paper is presented. 

In any particular situation the diffi- 
culty of starting from complete shut- 
down, turns in the last analysis on the de- 
gree to which the load itself may be di- 


Paper 40-30, recommended by the AIEE commit- 
tee on power generation, and presented at the 
AIEE winter convention, New York, N. Y., Janu- 
ary 22-26, 1940. Manuscript submitted Novem- 
ber 24, 1939; made available for preprinting De- 
cember 20, 1939; released for final publication 
March 30, 1940. 
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vided into discrete pieces, small enough 
to be picked up by the available generat- 
ing capacity. 


General 


On a system where the load consists 
largely of primary or secondary networks 
it is desirable, in the interest of economy, 
to make the individual blocks of load or 
“pools” as large as can, with certainty, 
be picked up by the generating capacity 
available and by the number of feeders 
which the operators can simultaneously 
close onto the busses. In the design of 
such a system it is necessary to have a 
fairly accurate idea of the performance of 
generators under suddenly applied loads 
or overloads, and also how the load may 
be expected to vary with reduced voltage 
and perhaps reduced frequency. While 
some testing and a great deal of calcu- 
lating have been done, the most reliable 
knowledge must of necessity come from 
the actual experiences of systems under 
emergency conditions and one of the prin- 
cipal purposes of this symposium is to 
bring forth reliable experience data of that 
kind. 

On the other hand, in a system em- 
ploying radial distribution lines beyond 
the substation, that is, lines which are not 
connected together, the load is already 
divided into relatively small pieces which 
can, if necessary, be picked up one at a 
time in detail. 

Accordingly, the approach to the “‘start 
up”’ problem is determined by the charac- 
ter of the load area served and becomes a 
question of designing to meet the par- 
ticular situation. 

With the exception of a square mile or 
so, the territory of The Detroit Edison 
Company lends itself to the use of radial 
overhead distribution lines. Very few 
of the radial circuits have loads in excess 
of 1,500 kilowatts. Thus, there is no 
problem in picking up the individual cir- 
cuits. In fact, in most cases, there is 
little difficulty in picking up whole dis- 
tribution substations. Accordingly, this 
paper will be largely confined to the de- 
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sign of the metropolitan system to restrict 
shutdowns to limited areas and to the 
emergency operation of such a system. 


The Bulk-Power System 


FUNDAMENTAL DESIGN 


To guard against the possibility of total 
shutdowns, the design of the bulk power 
system of The Detroit Edison Company 
is based on two principles. 

The first principle is that the system 
shall be divided into several load areas (at 
present five) so interconnected that, 
should an uncontrollable fault persist in 
any load area, this area with its prime 
power source will disconnect itself from 
the system, thereby permitting the re- 
mainder of the system to go on its way. 
Also, each load area must, within rea- 
sonable limits, be self-sustaining since it 
may have to start up by itself and per- 
haps run that way for a time. This 
principle has been dubbed ‘“‘loose linking.” 

The second principle is almost corollary 
to the first and is, that with any load area 
disconnected the remainder of the system 
shall be self-sustaining, that is, shall be 
able to carry its load at normal frequency 
and voltage. 

Figure 1 is a diagram of the bulk power 
system of The Detroit Edison Company. 
You will note that there are five power- 
plant load areas held together at what are 
termed ‘‘interlinking points.” Each “‘in- 
terlinking point” is indicated by a small 
rectangle with a diagonal line drawn 
through it. The solid black rectangles 
represent the ones in use at the time and 
the open rectangles the alternates. 

While the design principles outlined 
above appear simple, there are several 
implications which in practice call for 
care in design as well as in operation. 
The first implication is that, since an un- 
controllable fault is one which is not 
cleared by the normal protective equip- 
ment, the operation of the system sec- 
tionalizing circuit breakers at ‘‘interlink- 
ing points” must be delayed until the 
internal protective gear has had oppor- 
tunity to clear the fault if it can do so, 
that is, until the fault has really become 
uncontrollable. (Needless to say, several 
successive steps of protective gear must 
have simultaneously failed before a fault 
becomes uncontrollable.) This necessary 
time delay at the interlinking points may 
amount to several seconds which might 
be troublesome to the other load areas 
from the point of view of stability of gen- 
erators. Therefore, it is mecessary to 
have sufficient impedance in the inter- 
Mnking ties so that, under the worst fault 
conditions, the voltage in neighboring 
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areas will not fall low enough to cause 
generator instability in those areas. 
Based. on calculations and such experi- 
ence as we have had to date, the amount 
of the line impedance necessary to control 
short-circuit duty appears to be enough 
to accomplish this. So far, there has oc- 
curred one case of bus trouble which op- 
erated the interlinking points of its load 
area. No generator stability troubles 
occurred either in the faulted load area or 
any of its neighbors. 

Another implication of these design 
principles is that the load included in any 
load area must be adjustable to the 
amount of generating capacity available 
to the load area. Not only must these 
conditions be met at peak load, but the 
system must sometimes be altered to meet 
the various generating requirement 


Figure 1. Bulk power system of The Detroit 
Edison Company 


up with high-economy generating equip- 
ment. You will note from the position 
of the interlinking points in use, the black 
squares labeled A, that the load area is 
now widely extended. During the re- 
building period at Conners Creek, it was 
at one time contracted to the condition 
shown by the interlinking points labeled 
Bs 
An interesting variant of this principle 
exists at the Trenton Channel plant. 
There the plant operates in two parts, 
each of which serves a separate load area. 
It was relatively easy to make several of 
the generators ‘double throw,” so to 
speak, and thus make them available to 
either load area. Thereby, we can, 
within limits, adjust the generating ca- 
pacity to the area load, and we therefore 
do not need so great a proportion of trans- 
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Load Area Internal Design 


Figure 2 shows the internal arrange- 
ment of a typical city power-plant load 
area, that is, where 24-kv underground 
transmission is used. 

By a series of heavy dotted lines there 
is shown the physical segregation of the 
equipment and lines into zones extending 
from the generating station to the custo- 
mer. Within these zones the radial dis- 
tribution lines may be picked up one at a 
time if necessary to aid in restoring 
service. 

Beginning with the generating plant, 
you will note that the generators and the 
tie cables to the adjacent plant areas are 
held together by a star-connected syn- 
chronizing bus and its reactors S. The 
synchronizing bus and reactors are care- 
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ferable load to maintain the load areas 
on a self-sustaining basis, 

Summarizing briefly, while we con- 
template the complete shutdown of only 
one power-plant load area at a time, 
nevertheless each of the areas could be 
started simultaneously from standstill if 
necessary. Accordingly the problem of 
starting up becomes, for this system, one 
of the internal design of the load area. 


ticularly true during light load periods 
when.the more economical plants are 
favored as to loading. 

Further reference to figure 1 shows the 
bulk power system as it has been worked 
out to meet these conditions. 

As an illustration of how load.areas are 
adjusted, refer to the Conners Creek load 
area. At present, that plant is well built 
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fully segregated from all other bus and 
switch rooms for the purpose of protect- 
ing them from the troubles arising else- 
where in the switch house. Next you 
will note that each set of generator 
switches and its ‘feeder gangs,”’ as well 
as each set of tie line breakers G, is sepa- 
rated from the others by careful section- 
alizing of the switch house. Also, the 
busses and all connections are completely 
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Figure 2. Power 
plant load area 


metal clad and each phase segregated in 
its own metal enclosure. 

In the load area are three kinds of sub- 
stations. One kind (B) has 24-kv switch- 
ing and usually serves not only as a 
“satellite center’ for the collecting of 
large industrial and small substation 
loads, but also as a transferable load to 
aid in adjusting the size of the load area. 
Each of its bus sections is separated in a 
manner similar to the generating-station 
switch house. Substations of this kind 
are costly to build and to man but for- 
tunately not many of them are required. 

A second kind (C) is that commonly 
used to supply heavy industrial and com- 
mercial areas. Such a substation has no 
24-kv switching. Its transformers are 
connected together on their 4.8-kv side by 
a star-connected synchronizing bus with 
its reactors which is carefully segregated 
from the other busses and equipment. 
The switchgear for each transformer and 
its ‘feeder gangs” is also segregated from 
its neighbors. 

A third kind (A) is that having no 24-kv 
switching and no 4.8-kv synchronizing 
bus or reactors. Each transformer serves 
a “gang’’ of 4.8-kv feeders and is so ar- 
ranged that, should a transformer or the 
24-kv cable feeding it fail, its ‘‘gang”’ 
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of feeders will be automatically thrown 
onto the spare transformer capacity with 
an outage of some two seconds. 

A fourth type (D.C.) is the d-c sub- 
station, each of which is fed from at least 
two separate power-plant load areas and 
often from three, so that the loss of any 
power-plant load area will not cripple any 
d-c substation. Should there be a com- 
plete shutdown of all the power areas 
feeding the d-c system, the d-c load will 
be picked up by motor generator sets 
which are equipped with load-limiting 
apparatus for that purpose. 

A fifth type is the a-c network in the 
downtown area. These are not shown on 
figure 2. We do not contemplate that 
any of these networks as laid out is likely 
to exceed 10,000-kw load. Each is nor- 
mally fed at 4.8 kv from a substation in 
one power-plant load area and arranged 
to be transferred to a substation fed from 
another power-plant area should the first 
one fail. The quantities of load in- 
volved are not sufficient to present any 
problem in picking them up. 

A sixth type is the primary customer 
installation (P.C.). Care is taken to see 
that each feed to such a customer is 
served from a separate section of supply 
substation or from separate substations. 
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In figure 3 there is shown the methods 
of serving a load area by overhead 120-kv 
transmission lines. Here the segregation 
of trouble is not quite so complete but 
each 120-kv bus section is separately re- 
layed to localize trouble. Also, each 
24-kv bus section is carefully segregated 
by steel barrier walls and double section 
switches and the 24-kv lines to distribu- 
tion substations are spread over the bus 
sections in the same manner as described 
for the typical power-plant load area. 
While we have not shown them, the dis- 
tribution substations are of the same type 
as shown in figure 2. Again, the dotted 
lines show the zones of segregation. 

From the above description, it is evi- 
dent that there is no fundamental ob- 
stacle to the starting of such a system 
from a complete shutdown because the 
load can be picked up in small enough 
pieces to be well within safe limits for 
generators and boiler plant. 


Auxiliary Supply 
GENERATING PLANTS 

It is the practice of the company in 
each of its generating plants to provide 
completely independent steam-turbine- 
driven d-c generators to supply most of 
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those essential auxiliaries which are elec- 
trically driven. The principal exceptions 
are some of the larger boiler feed pumps 
where system-fed a-c motor drives are 
used. In these cases, steam-turbine- 
driven pumps are also provided. 

The reasons for so doing are two. One 
is to shield essential auxiliaries from dis- 
turbances arising on the electrical system, 
and the other to gain the desirable speed 
regulating characteristics of d-c motors. 
With such an arrangement, service to 
power-plant auxiliaries will not be affected 
by system shutdowns. 


Marin SwitcHING STATIONS 


While no particular provision has been 
made for the simultaneous closing of a 
large number of the 24-kv feeder break- 
ers, it is believed that three could be 
closed at once. However, there is little 
need for the simultaneous closing of even 
that many since the size of the pieces of 
load can readily be kept down to what a 
single outgoing feeder can safely carry 
for a half hour or so. The circuit break- 
ers are all d-c operated from a control 
storage battery. 


Emergency Loading 
Experience 


While we have had some experience in 
the matter of suddenly applied overload 
on generators, most of that experience 
occurred some years ago before particular 
interest in that aspect of the problem had 
been aroused and the records and our 
memories are not too specific. However, 
there is a partial record of one case in 
which a group of generators were sud- 
denly loaded from 80 per cent to about 
125 per cent of rating without change of 
field excitation. The voltage dropped to 
about 80 per cent of normal and the fre- 
quency to 58 cycles, but no generator 
dropped its load. The short-circuit ratio 
of these generators probably varied from 
0.9 to 1.6, the latter being for the older 
vertical Curtis turbine then in use. The 
record contains no statement as to the 
change in character of the load with that 
change of voltage and frequency. This 
case is cited for what it may be worth, 
recognizing its limitations. 

No field tests have been made to deter- 
mine the change in system load with varia- 
tion of the voltage or frequency. 

The proportion of the load of an area 
which will immediately be picked up on 
restoration of service will, of course, vary 
with the character of the area load. For 


The Detroit Edison Company system, 


which is heavily industrial, experience 
has shown that 40 to 60 per cent of the 
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original load will be immediately picked 
up and that the remainder will come back 
in five minutes or so. 


Emergency Operating Procedure 


In general, the approach to this ques- 
tion is as follows: 


1. Through equipment segregation and by 
relay and switchgear equipment, means are 
provided to disconnect automatically and 
confine most any form of trouble we can 
foresee. 


2. If, for any reason, the several lines of 
defense provided by the above shall have 
successively failed and the fault becomes 
uncontrollable, it is desirable that the op- 
erators immediately supplement the pro- 
tective equipment by whatever action is 
necessary to localize and clear the fault, 
bearing in mind that the first concern is for 
the safety of the system as a whole and 
thereafter for the particular load area or 
substation, as the case may be. To guide 
them in so doing, standard emergency 
switching instructions have been developed. 
These instructions are designed to be car- 
ried out on the initiative of the power plant 
and substation operators without recourse 
to the system supervisors wherever that is 
practicable—and it usually is. 


3. If, despite, the automatic protective 
gear and the action of operators, the system 
or any of its load areas goes completely dead, 
the central system supervisors will take con- 
trol, since the moves necessary to restore 
service will probably extend outside the ken 
of any one group of operators. 

Because the action necessary to restore 
service may vary so widely and because of 
the broad experience and good judgment of 
the central system supervisors, we have not 
so far attempted any specific emergency in- 
structions for their guidance. 


Perhaps the best way to illustrate the 
effect of this approach is to outline the 
procedure followed in emergencies. 

When the equivalent of lamp voltage 
falls to 80 volts at a power plant or 70 
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Figure 3. 


volts at a transmission step-down station 
and remains so for one minute or more, 
the operator, without instruction from 
the system supervisor, takes steps to sec- 
tionalize the system by opening the par- 
ticular interlinking points in use at the 
moment. If, thereafter, the voltage still 
remains low, he will sectionalize his busses 
along the lines indicated by the dotted 
lines in figures 2 or 3, as the case may be, 
beginning with whichever section he 
thinks most likely to be in trouble. As 
soon as the faulted section is cleared, the 
operator calls the system supervisor and 
reports the situation. 

It is interesting to note that the index 
upon which the necessity for emergency 
switching turns is the voltmeter reading. 
It has been found from experience that, 
under fault conditions, the behavior of 
current-indicating devices is often so er- 
ratic as to make them undependable and 
that persisting low voltage is about the 
only reliable criterion. 

Suppose, now, that the trouble has 
been so serious that an entire plant and 
its load area is down and that the situa- 
tion has been referred to the central 
system supervisors. The first step would 
probably be to survey the switchgear and 
busses to determine what bus sections 
were in condition to go back into service. 
Following this, all outgoing lines would 
probably be opened. Thereafter, the 
running generators would be brought up 
to speed, one at a time, connected to a 
considerable section of bus, and loaded 
by closing the outgoing feeders one at a 
time. The generators would be syn- 
chronized with the synchronizing bus if it 
were in commission. If not, they would 
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_ be synchronized to their neighboring gen- 


erators. When everything was again 
running, if the synchronizing bus were 
out of commission, the generator busses 
might be sectionalized into two parts, if 


_ need be, to minimize short-circuit duty. 


ee 


‘phones. 


There is only one precaution to be ob- 
served in closing the outgoing feeders 
and that applies to the feeders running 
to the industrial substations (C in figure 
2). These feeders, being tied together 
through a 4.8-kv synchronizing bus, the 
system supervisor might find it necessary 
to open these synchronizing bus ties to 
prevent overloading of the first feeders to 
be closed in. This can readily be done. 

With respect to the boiler plant, there 
should be little difficulty because the load 
will not be picked up in large pieces. An 
ample supply of make-up water is held in 
reserve to replace any loss due to the 
blowing of safety valves. 

It is not necessary to alter any relay 
settings, either at the power plants or at 
the substations. 

To guard against a failure of communi- 


cation facilities, the company has built 


up a private telephone system connecting 
the system supervisors with each generat- 
ing plant and each principal substation. 
This is supplemented by Bell System 
In the case of the Trenton 
Channel and Marysville power plants, 
which are more remote from the system 
supervisors, there is also provided carrier- 
current communication. There is, in 
addition, radio telegraph to the Marys- 
ville plant. Very rarely have we had to 
use either the carrier-current or the radio- 
telegraphic communication. The chance 
of a simultaneous failure of these com- 
munication facilities is very small but, 
if that contingency did arise and the 
operators could not communicate with 
the central system supervisors, they are 
instructed to proceed to restore service 
within their own area or substation on 
their own initiative. 

While the power plant and substation 
operators are required to become very 
familiar with operating instructions af- 
fecting restoration of service, no specific 
rehearsals have been conducted. It is 
felt that any of the instructions are so 
much in line with the steps which would 
normally be taken by an experienced op- 
erator as to preclude the necessity of 
staged rehearsals. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 “Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 
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Provisions for Re-energizing the Electric 
System of the Consolidated Edison 
Company of New York, Inc. 


G. R. MILNE 


MEMBER AIEE 


N the course of the last three or four 

years there have been a few instances 
in which generating stations supplying 
electric service in large metropolitan sys- 
tems have shut down temporarily be- 
cause of storms and floods of unusual 
severity or because of accidents resulting 
in fires which could not be quickly 
brought under control. These occur- 
rences, while fortunately very infrequent, 
have focussed attention upon the prob- 
lem of starting up a large system in the 
event of a complete shutdown of one or 
more generating stations supplying it. 
It is therefore the purpose of this paper to 
present: 


1. Some of the more important considera- 
tions affecting the design of the distribution 
system and the generating stations in the 
Consolidated Edison system with respect 
to the ability to restore service after a com- 
plete shutdown. 


2. The principal features of the operations 
involved in re-energizing the electric sys- 
tem, in accordance with a predetermined 
plan. 


38. A review of some operating experiences 
related to the problem of re-energizing the 
system. 


Description 
of the System 


The Consolidated Edison system fur- 
nishes electric service to all of Greater 
New York City, with the exception of the 
borough of Richmond and a small por- 
tion of the borough of Queens. It also 
supplies nearly all of Westchester County. 

Approximately 2,400,000 consumers 
are served in an area of about 700 square 
miles having a total population of nearly 
8,000,000. 

The electrical supply is derived princi- 
pally from 11 steam generating stations 
located within the territory served and 
having a total installed capacity of 2,556,- 
000 kilowatts. About 70 per cent of the 
generating capacity operates at 60 cycles 
and the remainder at 25 cycles. 

All of the generating stations are inter- 
connected by direct tie feeders for each 
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of the two frequencies and by five fre- 
quency changers having a combined 
capacity of 190,000 kilowatts. This 
system normally operates in parallel with 
the system of the Niagara~-Hudson Cor- 
poration through a 60-cycle connection 
of 200,000-kva capacity and with the 
system of the Brooklyn-Manhattan 
Transit Corporation through a 25-cycle 
connection of 40,000-kva capacity. 


Figure 1 is an outline map of the terri- 
tory served showing the location of each 
generating station. 

Figure 2 is a single-line diagram show- 
ing the connections between generating 
stations, their net generating capacity, 
and the estimated district loads at the 
time of the peak in 1939. 


The 60-cycle system supplies, in all 
parts of the territory served, residential, 
general commercial, and industrial loads 
as well as the entire load of the municipal 
rapid-transit system. The 60-cycle load 
at the time of the system peak represents 
about 70 per cent of the total load. 

The 25-cycle system supplies a large 
d-c traction load which includes the ter- 
minal divisions of all of the trunk-line 
railroads entering New York City; a 
large d-c load for residential and com- 
mercial use, mostly in the borough of 
Manhattan; a small amount of a-c com- 
mercial load, and some single-phase a-c 
traction load. 


The total system load at the time of 
the peak in 1939 was 1,704,000 kilowatts, 
The energy distributed during 'that year 
was slightly over 7!/, billion kilowatt- 
hours. 


Paper 40-33,, recommended by the AITEE com- 
mittee on power generation, and presented at the 
AIEE winter convention, New York, N. Y.,, Janu- 
ary 22-26, 1940. Manuscript submitted Novem- 
ber 24, 1939; made available for preprinting De- 
cember 16, 1939; released for final publication 
March 30, 1940. 


G. R. Mitnz is outside plant engineer, and H. C. 
OrTen is assistant manager in the system opera- 
tion department, Consolidated Edison Company 
of New York, Inc., New York. 
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Caldwell, mechanical plant engineer of the Con- 
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this paper. 
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Fundamental Considerations 
Affecting the Design of the 
Distribution System and the 
Generating Stations 


Electric distribution systems and their 
sources of supply are designed so as to 
provide electric service of the highest 

' quality that the density and character of 
the load will justify. Probably the most 
important measure of this quality is 
that the service shall be substantially 
free from interruption. However, equally 
important from a system standpoint, is 
the ability to restore service quickly 
after an interruption may occur and with 
little or no damage to equipment during 
the shutting down or re-energizing peri- 

ods. In suburban and rural areas the 
radial type of electric distribution pro- 
vides service which is rarely interrupted 
and at a cost sufficiently low so as to be 
commercially practical. With such a 
system the load is divided into units 
which are small in relation to the capacity 
of the sources of supply and the switching 
of these units is directly under the control 
of the local operating personnel. .The 
procedure to be followed in restoring 
setvice to a radial system consists of re- 
connecting to the substations and gener- 
ating source only such load as those 
stations and the associated feeders. can 
safely carry. Furthermore, the radial 
distribution feeders are practically self- 
protecting in that the feeders and as- 
sociated load are simultaneously inter- 
rupted and therefore do not suffer damage 
during system shutdown. 


To provide the high degree of service 
continuity required in metropolitan areas, 
the multiple-feed low-voltage network 
was developed. This form of distribution 
has been used continuously since the es- 
tablishment of d-c service from the Edi- 
son system in New York in 1882. The 
development of the a-c network protector 
fed to the application of the same princi- 
ple to a-c distribution in Manhattan in 
1922. Operating experience including 
the operating record of cable limiters has 
demonstrated the high degree of relia- 
bility of the low-voltage network and 
‘that the over-all service reliability is de- 
pendent almost entirely on the reliability 
of the sources which supply the network. 
{t is not economical or reasonable to 
provide for the maintenance of continu- 
ous service throughout every conceivable 
contingency condition nor for contin- 
gencies having a frequency probability so 
tow that they can be disregarded. Fur- 
‘thermore, not every contingency of nature 
can be foreseen. It is essential therefore 
that means be provided for ‘re-energizing 
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individual networks or a system compris- 
ing a number of networks. 

The system plan adopted by the Con- 
solidated Edison Company contemplates 
that the generating stations will be inter- 
connected normally by a system of direct 
tie feeders and frequency changers only 
and that the total distribution load will 
be segregated into blocks, which, even at 
peak-load conditions, are small by com- 
parison with the capacity of the inter- 
connected stations. The existing area 
segregations are shown in figure 3. 

While network areas should be small 
for facility in restarting after shutdown 
they should not be made too small as the 
distribution layout thereby becomes rela- 
tively expensive. For a system as ex- 
tensive as that in New York, we believe 
that each a-c network should be supplied 
by from 8 to 12 high-voltage feeders. In 
order to load these feeders, consisting 
of three-conductor 800,000-circular-mil 
cable at 13 kv and three-conductor 500, 
000-circular-mil cable at 27 kv to reason- 
able values, it follows that networks sup- 
plied by feeders at the lower voltage 
should range in capacity from 50 to 75 
megawatts, and from 75 to 150 mega- 
watts if supplied at the higher distribu- 
tion voltage. Not all of the areas supplied 
from a given station need be kept to the 
minimum values as a station should be 
able to restart progressively larger units 
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as re-energizing proceeds. If some areas 
are too large they cannot be selected for 
initial restarting. In the absence of ex- 
tensive experience in restarting networks, 
the above values of area load ranging 
from five to ten per cent of the system 
peak load are largely based on opinion 
but are believed to be conservative. 
Moreover the limitation of an a-c net- 
work to a size appropriate for supply 
derived from 12 feeders makes it neces- 
sary to operate simultaneously only a 
moderate number of circuit breakers at 
the instant of restarting. 

When the load in a segregated a-c net- 
work approaches the above values, the 
network is subdivided and in some in- 
stances regrouped to form other segre- 
gated networks whose physical bounda- 
ries and primary feeder rearrangements 
have been previously planned and par- 
tially installed in advance of the load 
growth. 

Each primary feeder to a segregated 
a-c network should supply load in only 
that one area. If this requirement is not 
observed, it would be impossible to ener- 
gize one network without energizing 
equipment in other networks at the same 
time. This would either mean starting a 
number of networks simultaneously; 
damage to equipment in other networks 
not being energized; or delaying the 
starting up until the slow process of 
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_ blocking open protectors in conflicting 


areas can be completed. A network to be 
suitable for independent restarting must 
be segregated both primary and secondary 
from other networks. 

All of the primary feeders to a given a-c 
network area should, in our opinion, de- 
rive their supply from the electrical gal- 
leries of one generating station. During 
unusual operations such as the restoration 
of service after shutdown, such an ar- 
rangement minimizes the amount of 
operating co-ordination required and 
thereby simplifies the operating rules 
covering the re-energizing procedure. 
Furthermore, in the event that communi- 
cation between stations or the direct tie 
feeders interconnecting them are inter- 
rupted such a plan enables a station to 
operate as an independent unit usually 
able to supply the load of the area it 
serves. 


Since the 60-cycle load in an entire 
area is to be supplied from one station 
under this plan it follows that electrical 
and mechanical segregation should be 
provided to such a degree as to protect 
the continuity of service during reason- 
able contingencies. Thus the main bus 
should be divided into a number of 
major sections, each separated by gas- 
tight fire walls so that trouble in one sec- 
tion will not physically communicate to 
another. Electrical ties between major 
bus sections which are normally alive 
should connect through the fire walls by 
indirect paths such as a synchronizing 
bus and there should be a minimum of 
two sets of independent switching and 
protective gear between a section on 


* which a fault is assumed to occur and 


other sections. One set of protective 
gear between a common synchronizing 
bus and each load bus would seem suf- 
ficient on the assumption that not more 
than one set of protective gear will fail 
to function properly during a given fault. 

The primary feeders to each a-c net- 
work should be divided among the 
major sections and sufficient network 
transformer and mains cable capacity 
should be installed so that in emergency 
the peak load can be carried or re-ener- 
gized after shutdown with one major bus 
section out of service. 

The number of major segregations pro- 
vided at the station should be such that 
the lowest over-all system costs result. 
The less the number of major sections 
provided in the station, the greater is 
the percentage of reserve equipment 
capacity on the network system required 
for operation with one section out. Ex- 
perience indicates that a station can be 
economically limited to two major sec- 
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tions only when the a-c networks supplied 
from it are small and in the early stages of 
development. With networks of moder- 
ate or large size at least three and prob- 
ably four major sections are economical. 

Each major section may be divided 


Figure 2. Principal system tie connections 
and sources of supply for district loads 


Generator ratings are net 


25 CYCLE 


of circuit breakers for restarting a net: 
work. The relaying must be such that 
the feeders will not trip out at the mo- 
ment of re-energizing due to the current 
surge. 

In the foregoing paragraphs the more 
significant design features of the a-c 
network distribution system in New York 
have been mentioned. While many of 
these features are considered applicable 
to d-c network distribution, the develop- 
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into two or more subsections further to 
promote reliability in which case differ- 
ential protection or its equivalent should 
be provided on each section. 

The d-c control supply and the control 
wiring in the 60-cycle generating stations 
must be adequate to permit the simul- 
taneous closing of the requisite number 
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ment of the much older d-c system pro- 
gressed along different lines. 

D-c network distribution is confined 
to an area of about 19 square miles in the 
borough of Manhattan. There is also a 
very small amount of d-c load in Brook- 
lyn. The Manhattan d-c network is not 
divided into’ segregated areas but con- 
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Table 1. Network and Radial Loads in Segregated 60-Cycle Load Areas Shown in Figure 3 


All Load Values Are Estimated for. the Time of the Peak in 1939 


Area Load Radial 
Refer- Excluding Railroad Network Total 
ence Area Railroads Load Load Load 
Letter Name (Megawatts) (Megawatts) (Megawatts) (Megawatts) 
A altanavecaniets Northeast Bronx..cs... coun: LUGS eters fin renee etree Sinatra Moonee 15 
Beet cles Washington Heights........... ORF aeons Sides s ehaereke DS ieovireteaane ce 37 
Garten Southeast Bronx. aastesieoies oe B ievatersere eure UA nistagror 3 fda Greinice 3 13 
De raristecctss: CentraliBrenxgndcce stele s ister. UP ab asin Bin otc (Wiereci ncumaghont QOS ativan 41 
E Rees CSU) SL OM Nan tester siarsiersr cele 16* 10 59 85 
te ONAN Harlem sy rciereicis ios) soelvienene si elies 
Geiss pees Centrall Park: item sas vo8 sfotels 
Titelerenctsrelspe vers North'@ teensiinn ciesamdes ctnele 
/ 2 SAN eR pon Times! SQUare ates cet sis oie 
t Coma RAGED A Madison Square............+. 
y oe NR ro Lower Manhattan 
Mee arecaisieiet Ridgewood sisi dele «cece eslee 
Nireerveaistans JAMAICA itive ts eceienatacns 
Pane ter toe East) Brooklynunnencnani ieee. ABM cea atanitnlohs De eaervacen GO ttaneresters 116 
RR iaieitysenstas crete West) Brooklynijco..cceae «ese GO met entryaysicre LT s apceate sist LOD etree vg ode 179 


* Denotes radial load of which a substantial part can be restored independently of the network load. 


sists of a continuous grid supplied from 
41 d-c substations over approximately 
2,400 low-voltage feeders. Cable lim- 
iters are installed in all d-c mains at the 
boundaries of zones supplied by the d-c 
feeders from adjacent substations. 

Each of the d-c feeders is connected 
to the network mains through an auto- 
matic air circuit breaker installed in a 
junction box. These breakers are closed 
manually but will trip automatically in 
the event of a feeder fault when the arc 
causes the breakdown of insulation on a 
lightly insulated control wire embedded 
in the outer layer of strands of the feeder 
cable. 

It is expected that in the event of a 
total interruption of d-c supply from a 
given substation the limiters will blow if 
the current flowing to the affected area 
over the mains cables reaches sufficiently 
high values to cause severe cable damage 
unless interrupted. Sufficient experience 
has been obtained with cable-limiter op- 
eration during faults on mains cable to in- 
dicate that the limiters are effective in 
preventing widespread damage to low- 
voltage mains cable during fault condi- 
tions. 

Re-energizing the d-c network in the 
event of a complete shutdown requires 
that a selected group of about six low- 
voltage feeders from each of more than 
25 substations be re-energized simul- 
taneously and that the remaining d-c 
feeders from all 41 substations be cut in 
as rapidly thereafter as practicable. The 
operations required for starting the large 
number of converters upon restoration of 
25-cycle supply; connection of these 
converters to an isolated d-c bus in each 
substation; connection of the dead feed- 
ers selected for initial re-energizing to 


582 TRANSACTIONS 


another isolated bus and particularly the 
operation of tying these two isolated bus- 
ses together in the selected substations 
at the same instant require very close co- 
ordination for which a special emergency 
telegraph signaling system has been pro- 
vided. 


Responsibility for Co-ordination 
and Execution of Operations in 
Re-energizing the System 


Responsibility for co-ordinating opera- 
tions in the electric system of the com- 
pany is assigned to the system and dis- 
trict operators. 

It is the system operator’s responsi- 
bility to direct the operation of produc- 
tion facilities so as to maintain sufficient 
generator, tie feeder, and frequency- 
changer capacity in service to meet the 
requirements of the load connected to 
each generating-station bus. In the event 
that one or more generating stations are 
shut down and are ready to resume op- 
eration, the system operator is responsible 
for determining the order in which these 
stations or reserve stations are to be 
started up. He will order the re-ener- 
gizing of busses, reconnection of tie 
feeders and frequency changers, and will 
determine in conjunction with the district 
operators the order in which the segre- 
gated loads are to be re-energized to 
utilize capacity to the best advantage as 
it is made available. 

The district operators in each of the 
three districts established for convenience 
in administration are responsible for the 
direction of distribution operations in 
their respective districts. It is their 
responsibility to direct the switching 
operations in the field and in the stations 
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which are required to re-energize each 
load area as capacity is made available 
after shutdown. 

The generating station operators and 
substation operators are responsible for - 
disconnecting all feeders, generators, and 
frequency changers in the event of the 
complete shutdown of a given station. 
They also are required to perform, on 
their own initiative, specified preliminary 
operations to prepare for re-energizing 
the system. 

While it is expected that in any emer- 
gency involving the shutdown of one or 
more generating stations, the operations 
performed in restoring service would be 
co-ordinated by the system operator and 
district operators in the manner pre- 
viously described, it is recognized that a 
concurrent failure of communication 
facilities might make it imperative for 
the switchboard operator at the generat- 
ing station to assume the initiative in re- 
storing part or all of the load as soon as 
the station is prepared to do so. The dis- 
tribution system is designed to facilitate 
re-energizing in this manner. Several 
proposals are being investigated in an 
effort to develop a standard procedure 
which the individual generating station 
operators could follow in the event that 
communication is interrupted and it is 
necessary to restore the direct tie feeders 
in order to obtain assistance from an ad- 
jacent station when re-energizing blocks 
of network load. 


Written instructions covering the pro- 
cedure to be followed by the generating 
station and substation operating person- 
nel in the event of a complete shutdown 
of any station-are revised and reissued as 
often as required by changes in system 
facilities. 


In determining the form and contents 
of the instructions simplicity and con- 
ciseness were emphasized so that they can 
be used for quick reference when neces- 
sary, and to encourage frequent review 
by the individuals concerned and thereby 
to promote their familiarity with pre- 
scribed procedure. It is recognized that 
it is impractical to prepare, in advance, 
complete and specific instructions to 
apply to a very large number of assumed 
emergency conditions. The instructions 
for re-energizing the system are therefore 
written to cover selected cases including: 


1. The shutdown of each 60-cycle generat- 
ing station separately. 


2. The shutdown of all 60-cycle generating 


stations. 


3. The shutdown of the entire d-c network 
in Manhattan and the associated 25-cycle 
system, 
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Procedure for Re-energizing 
the System 


It is assumed, for the purpose of this 
discussion, that the entire electrical sys- 
tem of the Consolidated Edison Com- 
pany has been shut down, that the gener- 
ating stations are in a cold condition, 
that the electrical ties with other utility 
systems such as the Niagara Hudson 
Corporation and the Brooklyn-Man- 
hattan Transit Corporation are open, 
that all distribution feeder load has been 
disconnected and that all generators, fre- 
quency changers, and tie feeders have 
been disconnected. This represents the 
most difficult condition to be met from 
the standpoint of complexity of the opera- 
tions required to start up the system. 

In the extreme condition where no 
power is assumed to be available from 
other utility systems it would be neces- 

sary to establish a supply of electrical 
energy sufficient to meet the initial re- 
_ quirements of electrically driven auxilia- 
_ fies. If the tie feeders between generat- 
_ ing stations are available auxiliary power 
can be made available to all stations by 
starting one main 60-cycle or 25-cycle 
unit in any one of several stations. The 
Hell Gate and Hudson Avenue stations 
have house turbine-generator sets which 
can be started on steam generated by 
_ natural draft in the stoker-fired boilers. 

These generators can provide sufficient 
auxiliary power for operation of at least 
two of the main turbogenerators ranging 
in size from 35,000 kw to 50,000 kw in 
either station. Ifa 25-cycle turbogenera- 
tor in a station having steam-driven 
auxiliaries is selected for initial starting, 
it can be used to energize the 25-cycle 
busses in all stations and the 35,000-kw 
frequency changer at Hell Gate station 
may be started and used to energize the 
60-cycle busses in all stations. 

With the main 60-cycle busses and 25- 
cycle busses energized and a supply of 
auxiliary power available in all stations 
the next step would be to start and syn- 
chronize the remaining frequency chang- 
ers so as to complete the restoration of all 
interconnections among the generating 
stations in the Consolidated Edison sys- 
tem. 

In order to provide load for the turbo- 
generators as they are successively started 
and synchronized and to build up the 
fires in the boilers it would be necessary 
at this point to begin re-energizing 25- 
cycle and 60-cycle feeders supplying 
radial load only. This would permit 
adding load in convenient amounts and 
would fully restore the large traction 

load supplied from the 25-cycle system, 
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restore all of the 60-cycle load in West- 
chester County, and partially restore 60- 
cycle radial load in the outlying areas in 
the boroughs of Bronx and Brooklyn. 
At the time of the system peak in 1939 
the total amount of radial load thus 
restored would be approximately 260,000 
kilowatts or about 15 per cent of the total 
system load. 

With this amount of load divided 
among the generating stations it would 


Figure 3. Segre- 
gated 60-cycle load 
areas in New York 
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be possible to restore the 60-cycle net- 
works to service, beginning with the areas 
having the smallest load and finishing 
with the largest networks, in each case 
using the method of restoration to be de- 
scribed later in this paper. 

After all of the 60-cycle networks have 
been restored it would be possible to 
restore additional 60-cycle radial load 
amounting to over 200,000 kw which is 
supplied from feeders which also supply 
the network load or which is dependent 
upon the re-energizing of the network 
load itself. An important 60-cycle load 
is that of the municipal rapid-transit 
system in which most of the conversion 
units are rectifiers and require a supply 
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of auxiliary power from the network 
before the traction load can be restored. 
Normal train movements are dependent 
upon supply from the network for track 
signals, 

The restoration of substantially nor- 
mal supply to the 60-cycle radial and net- 
work loads and to the 25-cycle radial 
load would build up the total load on the 
interconnected generating stations to the 
point where the boiler steaming rates 
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should be high enough to permit the ad- 
dition of the large block of load repre- 
sented by the d-c network in Manhattan 
as the final step in restoring normal serv- 
ice. At the time of the system peak the 
load on this network is about 375,000 
kilowatts and represents about 28 per 
cent of the total load in the remainder of 
the system. 

The general method of re-energizing 
each of the 60-cycle networks may be 
summarized briefly as follows: 

1. After the generating station busses have 
been re-energized, the direct tie feeders be- 
tween generating stations have been re- 
stored, and the frequency changers syn- 


chronized, at least one turbogenerator is 
synchronized to the bus in each station. 
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2. While additional generators are being 
started, small blocks of radial 25- and 60- 
cycle load are connected successively to 
the busses in each station by re-energizing 
individual radial feeders as rapidly as con- 
sistent with the increase in capacity as the 
available boiler output is increased. This 
process is continued until all of the available 
load has been re-energized except that 
which would require special switching opera- 
tions in the field to separate it from network 
load in the case of feeders supplying both 
kinds of load. 


3. The overcurrent protective relays on all 
of the 60-cycle tie feeders between generat- 
ing stations are made inoperative tempo- 
rarily to prevent them from tripping un- 
necessarily on the surges which occur as the 
larger blocks of network load are re-ener- 
gized. The d-c control supply feeders in 
the generating stations are paralleled if 
necessary to insure an adequate supply of 
control energy for the simultaneous closure 
of the requisite number of network supply 
feeders. 


4. Ina 60-cycle station supplying one or 
more of the smaller network areas having 
peak loads ranging from 40,000 kw to 80,000 
kw the 60-cycle generator load is increased 
until as much power as possible is sent out 
of the station over the 60-cycle ties and 
through the frequency changer, if any, to the 
25-cycle system. The 60-cycle bus voltage 
will then be raised about five per cent above 
the normal scheduled value in order to com- 
pensate approximately for the increased ex- 
citation required for the block of load to be 
added since automatic voltage regulators 
are not used. The generating-station 
switchboard operator will notify the boiler- 
room engineer immediately before a group 
of network supply feeders is re-energized 
so that the boiler room operating force will 
be prepared to make any adjustments neces- 
sary as the load is picked up. 


5. The feeder circuit breakers controlling 
the feeders to the network area selected are 
closed simultaneously by several operators 
acting in unison. 

6. Immediately after a block of network 
load is re-energized the load on the genera- 
tors in the station at which the operation 
was performed is adjusted manually so that 
about half of the load added is carried on 
these generators and the remainder is carried 
on the generators in other parts of the sys- 
tem through the ties and frequency chang- 
ers. The bus voltage is adjusted to the 
normal scheduled value after a block of net- 
work load is added unless the same station 
is to prepare for the immediate addition of 
another block of load. 


This method of re-energizing a typical 
block of network load is based upon the 
assumption that the entire Consolidated 
Edison electric system has been shut 
down and is to be re-energized with all 
stations and substantially all parts of the 
distribution system intact and available 
for service. In any actual case of shut- 
down it is unlikely that more than one 
station will be seriously affected. It is 
possible, however, that the affected sta- 
tion will have to be restored to service 
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and its load re-energized while one or 
more of the bus sections are damaged, or 
while one or more of the main turbogenera- 
tors is unavailable for service. All such 
situations present special problems which 
require slight changes in the general 
plan presented. 

One of the most important deviations 
from the general plan would be encoun- 
tered in the case where a generating sta- 
tion having adequate generating capacity 
available to carry the normal load might 
have to be started from a shut-down con- 
dition at a time when the 60-cycle ties 
to other stations were not available for 
assistance in re-energizing the networks. 

While this is a rather remote possibility 
because the number of separate 60-cycle 
tie feeders to adjacent stations provided 
ranges from two to nine and all but one 
of the stations supplying network load 
has a connection to the 25-cycle system 
through one or two large frequency 
changers we believe that the isolated 
station would have no particular dif- 
ficulty in re-energizing the networks it 
supplies in the following manner: 


1. Re-energize all of the available radial 
load as in the general case and, if necessary, 
block open the relatively few network pro- 
tectors at distribution banks connected to 
dual-purpose feeders which can then be re- 
energized to restore substantial amounts 
of additional radial load. 


2. Immediately before re-energizing the 
first and smallest block of network load 
raise the steam output from the boilers and 
the steam pressure until steam is discharged 
from the safety valves. The supply of 
make-up water is normally adequate for 
such operation in any of the stations. 


8. Re-energize the first block of network 
load and restore steam pressure to normal 
if it has dropped to a point below normal. 


4. Repeat this process as each block of net- 
work load is added, leaving the largest 
blocks of load to be re-energized last. 


Under some conditions it would be 
feasible to restore service to all or nearly 
all of the 60-cycle load supplied from a 
generating station while all of the genera- 
tors were temporarily unavailable for 
service because of some condition affect- 
ing all of the essential auxiliaries. Sucha 
condition occurred in one instance under 
circumstances outlined below. 


Operating Experiences 


The only actual experience obtained in 
re-energizing segregated 60-cycle load 
areas in the Consolidated Edison system 
was on the occasion of the shutdown of 
the Hell Gate generating station on Sep- 
tember 21, 1938, shortly after the work 
was completed in segregating the load 
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areas supplied by this station. This 
shutdown was the result of a tidal flood 
accompanying a hurricane which passed 
close to New York City on that date. 
The re-energizing of the areas affected 
was successfully carried out by following 
as closely as practicable the methods out- 
lined above. ‘The salient features of this 
experience were: 


1. The shutdown of all 25-cycle and 60- 
cycle generators in the station was forced by 
loss of steam pressure following the partial 
or complete submersion of nearly all of the 
essential auxiliaries and the complete inter- 
ruption of the power supply for the auxil- 
jaries which are electrically driven. 


2. The 11-kv 25-cycle busses, 13-kv 60- 
cycle busses, and the associated switchgear 
were not damaged although all supply to 
the 60-cycle busses was interrupted because 
of overloads on the tie feeders and the fre- 
quency changer. 


3. The shutdown occurred about 13/, 
hours after the time of the system load peak 
for the day at which time the system load 
normally is declining at a rate of approxi- 
mately ten per cent per hour. 


4. All 60-cycle service in the north half of 
the borough of Manhattan and all service 
in the borough of Bronx and county of 
Westchester were interrupted. This load 
amounted to about 360,000 kilowatts. 


5. About one-quarter of the interrupted 
load was restored within six minutes. 
Service in the remainder of the affected 
area was restored in several stages over a 
period of 53/, hours. Since none of the 
generators at Hell Gate station was avail- 
able for operation for several days after 
the shutdown, 60-cycle power obtained 
principally from the Niagara-Hudson sys- 
tem was utilized in restoring service. 


6. No difficulty was experienced in re- 
energizing the networks. The largest block 
of load re-energized in one operation was 
90,000 kilowatts which included all of the 
load in Westchester County and a small 
section in New York City. This load was 
re-energized six minutes after it was inter- 
rupted and the load picked up was about 
equal to the load dropped. The next 
largest block of load was that of one of the 
networks in Manhattan. This network was 
re-energized 41 minutes after the interrup- 
tion occurred and increased the load on the 
Niagara-Hudson tie by 30,000 kilowatts 
which was almost exactly the amount of 
load in the area at the time of the interrup- 
tion. A few minutes later another of the 
Manhattan networks was re-energized but 
the load increment was only 28,000 kilo- 
watts, about 30 per cent less than the load 
in that area at the time of the interruption. 
This reduction of load was partly accounted 
for by the fact that the service voltage in 
the areas restored was from 8 to 18 per cent 
below normal immediately after the second 
block of network load was added. Seven 
minutes later, after excitation had been 
adjusted in the Niagara~-Hudson system, the 
service voltage in the re-energized areas was 
sufficiently improved to permit re-energizing 
a third block of network load in New York 
City with the same effect on load and volt- 
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age as before. The remaining networks 
were re-energized shortly thereafter with 
increased 60-cycle power supply available 
from other generating stations in New York 
City over tie feeders which could not be 
estored earlier because of a system ground 


fault condition requiring several hours to 
localize and eliminate. 


v.. It was found entirely practical to close 
from 6 to 11 feeder breakers at the generat- 
ing station in such a manner as to re-ener- 
gize each network without causing network 
protector fuses to blow because of temporary 
local overloads. In the case where 11 
breakers had to be closed they were closed 
in two groups of 6 and 5 respectively by 
several operators working together. 


On the occasion of the shutdown of 
Hell Gate station the circumstances were 
such that no experience was obtained in 
re-energizing large blocks of load with 
power supplied principally by the genera- 
tors in the station affected. 

However, an indication of the probable 
effect of re-energizing a large block of load 
from a given generating station, under 
conditions where the interconnections 
among all of the generating stations are 
operating normally, may be obtained 
from actual experience in several cases 
where automatic tripping of transmission- 
line breakers in the Niagara~-Hudson 
system have resulted in instantaneous 
increases of 100 to 150 megawatts in the 
load on the Consolidated Edison system. 

In all cases the increased load has been 
picked up by the interconnected stations 
in New York with slight effect on the 
system frequency and voltage. 

The largest of these instantaneously 
applied loads on record occurred at a time 
when the Consolidated Edison system 
was receiving 150 megawatts from the 
Niagara-Hudson system and a bus fault 
in a substation located near the boundary 
between the two system territories caused 
the transmission lines to open at that 
point. At that time the total generator 
load in the Consolidated Edison system 
was 789 megawatts of which about 60 
per cent was 60-cycle generation. The 
instantaneous load increase of 150 mega- 
watts was imposed upon the system 
through connections to the 60-cycle busses 
in the Hell Gate and Sherman Creek 
stations but was shared by all of the in- 
terconnected stations with a momentary 
decrease in frequency of one-half cycle 
and a voltage dip of from 21/2 to 9 per 
cent in various parts of the system. The 
system frequency was restored to normal 
within three minutes. Unfortunately 
there is no complete record of the magni- 
tude of the load increase at each of the 
generating stations. None of the tie 
feeders or frequency changers tripped out. 

In this case the sudden increment of 


OcTOBER 1940, VoL. 59 


The Co-ordination of Electrical 
Equipment With Basic Insulation Levels 
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By insulation levels have been de- 
fined, and a list of proposed values 
has been determined by national com- 
mittees charged with this responsibility. 
The purpose of this paper is to discuss 
some of the principles useful in selecting 
electrical equipment conforming to the re- 
quirements of that basic insulation level 
necessary to assure satisfactory service 
while operating within the voltage range 
and under the system conditions expected. 

Since the lowest-allowable basic insula- 
tion level is closely associated with the 
protected level provided by the surge- 
limiting or surge protective equipment, 
and since the rating of protective equip- 
ment selected is closely associated with 
values of system operating voltage to 
ground, it is evident that there exist in- 
terrelations among: 


A. Voltages expected to exist on the elec- 
trical system 


(a). Low frequency or dynamic 

(b). Surge 

B. Voltages permitted by surge protective 
devices 

C. Basic insulation levels 


D. Insulation strengths of electrical equip- 
ment 


The latest proposed values for basic in- 
sulation levels are being reported to the 
Institute by representatives of the na- 
tional committees having these matters in 
hand.! The performance of lightning- 
surge protective devices and other related 
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matters also are being presented in associ- 
ated papers before the Institute.?* 


Operating Requirements of 
Apparatus Insulation 


It is of interest to examine the relations 
existing between required insulation 
strengths and service conditions on oper- 
ating systems. Apparatus must be de- 
signed to withstand satisfactorily a va- 
riety of voltagesimposed uponit. Such 
voltages include: 


A. Continuously applied low-frequency 
voltage 

(a). Between terminals 

(b). Between live parts and ground 


B. Occasionally 
overvoltages 


(a). Between terminals 


applied low-frequency 


(b). Between live parts and ground 


C. Occasionally applied inpulse overvolt- 
ages between live parts and ground 


The basic insulation level as now de- 


Paper 40-35, recommended by the AIEE committee 
on power transmission and distribution, and pre- 
sented at the AIEE winter convention, New York, 
N. Y., January 22-26, 1940. Manuscript submitted 
November 17, 1939; made available for preprinting 
December 28, 1939; released for final publication 
March 27, 1940. 


J. H. Foors is supervising engineer and J. R. NortH 
is assistant electrical engineer, The Commonwealth 
and Southern Corporation, Jackson, Mich. 


Acknowledgment is made of the valuable assistance 
rendered by M. C. Westrate in the analysis of these 
insulation-co-ordination problems. 


1. For all numbered references, see list at end of 
paper. 


load represented 19 per cent of the pre- 
vious load on all generators, 32 per cent 
of the load on the 60-cycle generators 
alone, 11 per cent of the total running 
generator capacity, 79 per cent of the 
running frequency-changer capacity, and 
approximately 11 per cent of the total 
net hot boiler capacity. 

The boiler equipment in these stations 
includes a wide variety of types among 
which are stoker-fired boilers with and 
without automatic combustion control 
and pulverized-fuel installations of the 
unit-mill type and of the bin type. 

The operating experiences mentioned 
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indicate that no particular difficulty 
should be encountered in re-energizing 
the largest blocks of network load con- 
templated under the present design ob- 
jectives provided that substantially nor- 
mal tie-feeder and frequency-changer 
capacity is available for service at the 
time. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 
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fined directly refers only to the last of 


these varieties. A study of the relation- - 


ships which should exist between this 
characteristic and the others is essential 
to the successful co-ordination of the de- 
sign characteristics of electrical equip- 
ment with basic insulation levels. In the 
past, it has been common practice to re- 
late insulation strengths to the rated con- 
tinuous low-frequency voltage between ter- 
minals for which the apparatus was de- 
signed. However, a study of the consid- 
erations enumerated above leads to the 
conclusion that insulation strengths more 
properly should be related both to (a) the 
surge voltages, and (b) the continuous 
dynamic voltages expected to exist be- 
tween live parts and ground. 

A fundamental requirement of appara- 
tus insulation is that its strength between 
live parts and ground shall be at least 
equal to the maximum voltage expected to 
occur between live parts and ground. In 
the case of impulse surges this maximum 
value may be considered to be the “pro- 
tected level’’ provided by the associated 
protective apparatus. Therefore, that 
basic insulation level which is equal to or 
in excess of the established ‘“‘protected 
level’”’ would be the minimum insulation 
level applicable to the apparatus in ques- 
tion. 

As discussed rather completely in a 
former paper,‘ the protected level must be 
placed sufficiently above the expected per- 
formance of the protective device to pro- 
vide a reasonable margin which will insure 
the integrity of the protected level. This 
margin must take into account many fac- 
tors, including manufacturing tolerances, 
layout and arrangement of the station, 
vagaries of surges and protective equip- 
ment, assurance of selective operation of 
the protective device, etc. 


Basic Insulation Levels 


The present accepted definition of 
“‘basic insulation levels”’ is as follows: 


“Basic impulse insulation levels are refer- 
ence levels expressed in impulse crest volt- 
age with a standard wave not longer than a 
1!/.x40-microsecond wave. Apparatus in- 
sulation as demonstrated by suitable tests 
shall be equal to or greater than the basic 
insulation level.” 


For many years, insulation levels have 
been defined, perhaps inadequately, in 
terms of test voltages impressed for a 
period of time at low frequencies. The 
basic insulation levels under discussion, 
however, are defined in terms of impulse 
voltages with no mention of low-frequency 
or sustained-voltage strengths. The defi- 
nition contemplates that apparatus shall 
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Table I. Typical 4,160-Volt Wye Substation - 


Basic Insulation Level 60 on Bus and Important Apparatus; 45 Else- 
where 


Insulation Design Basis: 


Withstand Voltage 


Apparatus Low- Impulse 
Insulation Voltage Frequency Full-Wave 
Classification* Rating* est Test 
Item (Ky) (Ky) (KvRMS) (Kv Crest) 


a 


Surge protective equipment: 


Bightning arrester es vcisicisssieteslets lois: clofele vets volloneLarsx=\-»\sheio ein els 3 
Supply transformers: 

lOve BOO Kva)ieceaccee cn clonstela eve erent eral seretar's Pe diate 2.4/4.16 wye 2.25. IRM SA coc 76 
Station power transformers: 

(lessithan O00) kya)\csey clic ctsr« rai: otep atsiaielelstslnesie fy Pscadion 2.4/4.16 wye ..... 103 Fevers 60 
Regulators: " 

(Under 750 kva, three phase)............+eee00: Bb Beas AS16 wan: 19: Ae e 60 
Instrument transformers: 

Current; indoor OM DUS. sc ccac. sec. le ee eee vss Sites 8 OG" sagas 

Potential, indoor on bus (ratio 20 tol).......... bY Reicicatts Dba tenets 

Current,.011 feeder se) iain eles: 00,2 6/0) ie 51> 000 elise BP tires ‘ge Mts 

Potential, onfeederiy ere oc es tio)isl «i tysleials alpleisia iy oi SG alo ch ae Dee boise 
Oil circuit breakers: 

Indoor (below 500,000 kva)..........-.++% deacatieis 1. Disisey ais aD bateteas WG sr aeieteran, 60 
Biusyand switchrinsttlators. orice scrs oicleriereistsssielcnslaiaie ae aes e1s%es's 7 ABitis cterorsts aielohetalatensiemnate 85** 
Bushings 

Outdoor ire tec idiete: valores ousivterriecouszet ere sicislolateye ote. Dh.” acevevacovers Oconegdisaeter alecalatetobaret= 24 wet. occcen 75 

Rnd OOF ie riers isisne eters: shade otels: ofc sis tefeekelsiae Stel elstnre s< T i Bisre od siauave'aiey si alslste oretcnsceteen 2B ATY-csielaiere 60 
Sy fichronous condenser... ..)s sss oles ool evr selec Tiepigistarets 4.16 16 


* This designation is that at present used by manufacturers. 


+ Lowest standard rating. 


** Flashover rating. 


withstand successfully the imposition of 
surges having values as great as the basic 
insulation level for which the apparatus 
was designed. 

The basic-impulse-insulation-level val- 
ues most recently proposed, as given in the 
joint committee report, ‘‘Basic Insula- 
tion Levels’! by Messrs. Powel and Sporn, 
are as follows: 


Proposed Basic Insulation Levels, Impulse 
Crest Kilovolts 


EE SE 


Impulse withstand test not yet determined. 


mum dynamic voltages expected to exist 
at the point of application, the first con- 
sideration in selecting a basic insulation 
level is to determine the maximum operat- 
ing voltages between conductors. Next, 
the system connections and the neutral 
stability must be considered in order to 
determine the maximum dynamic volt- 
ages between conductors and ground un- 
der fault conditions. These values lead 
immediately to the selection of the volt- 
age rating of the protective device, since 
the low-frequency characteristics of this 
device must be co-ordinated with the volt- 


4 . . 
oe Ban of ages expected to exist between lines and 
60 250 900 ground. During line-to-ground faults, the 
75 350 1,050 
95 450 1/300 voltage on the faulted phase decreases and 
110 550 1,550 


This list of values constitutes a schedule 
of insulation impulse strengths to ground 
which may be made available in apparatus 
of voltage ratings as required by the trade. 
It is of interest to examine the relation- 
ships existing between service conditions 
on operating systems and the correspond- 
ing insulation levels required for appara- 
tus. 


Procedure for Selection of a 
Particular Basic Insulation Level 


Since the selection of basic insulation 
levels is closely associated with the per- 
formance of the protective devices which 
in turn are selected on the basis of maxi- 
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the voltage between the unfaulted phases 
and ground generally increases. The mag- 
nitude of the voltage between the un- 
faulted phases and ground will depend 
upon the system electrical characteristics 
and the type of fault and will usually ex- 
ceed the normal line-to-neutral voltage. 
Under some circumstances, it may exceed 
the normal line-to-line voltage. The pro- 
cedure to be followed in calculating these 
voltages is adequately covered in other 
papers which have been presented before 
the Institute and elsewhere.5.57 

Due to the inherent nature of surge pro- 
tective devices, they have a maximum 
voltage rating (given in manufacturers’ 
publications and references)§—!2 which is 
a measure of the maximum dynamic volt- 
age which may be applied to them during 
fault conditions. There is always a possi- 


ELECTRICAL ENGINEERING 


bility that the protective devices may be 
surged simultaneously with the fault. 
Therefore, the maximum voltage between 
unfaulted phases and ground which can 

cur at the point of installation is of 


prime importance in the application of the 


protective device, and the voltage rating 


must be determined in conjunction with 


the type of grounding as well as with the 
line-to-line system operating voltage. 

A study of the characteristics of the pro- 
tective device under assumed surge condi- 
tions, together with provision for a suit- 
able margin, leads immediately to the pro- 
tected level which will be provided. 

Messrs. Sporn and Gross, in their paper, 
“Rationalization of System Insulation 
IJI—Margins Between Basic Insulation 
Levels and Protected Levels’, suggest 
that a value given by the formula: (0.10 
arrester maximum performance)+25 kv, 
provides a margin which is generally suit- 
able for the conditions usually to be ex- 
pected. Margins as calculated by this 
formula are used in the illustrative ex- 
amples given later in this paper. Engi- 
neering consideration of the specific con- 
ditions involved may lead to the require- 
ment for different margins in other cases. 

For apparatus closely and continuously 
associated with a protective device, the 
basic insulation level equal to or just 
above the protected level thus determined 
would probably be the minimum to which 
the apparatus must conform. In certain 
situations, the importance of service as re- 
lated to the economics of the application 
may indicate the wisdom of selecting a 
higher or lower basic insulation level. 


Table Il. 


In stations accommodating many con- 
necting lines and in stations of consider- 
able extent, it may be that different types 


_ of protective devices are used at different 


locations; also, the operation of switching 
equipment may isolate certain apparatus 
from some of the protective devices. 
Therefore, it may be that some of the ap- 
paratus in the station should be designed 
to operate with a different protected level 
and, consequently, a different basic insula- 
tion level than other apparatus in the 
same station. 

The impulse characteristics of a particu- 
lar piece of apparatus and the corre- 
sponding characteristics of the protective 
device must be studied to assure that an 
adequate margin is being provided be- 
tween the protected level and the insula- 
tion strength of the apparatus at all points 
on its volt-time curve. 

Co-ordination based on insulation levels 
as determined by full-wave ‘‘withstand’’ 
voltage tests is satisfactory only when the 
protected level is relatively flat down to 
very short time on the volt-time curve.‘ 
This is practically true for modern light- 
ning arresters where the short-time pro- 
tected level is determined by the gap 
breakdown plus suitable tolerance and 
margin, and the longer-time protected 
level comparable to the full-wave test on 
apparatus is determined by the JR drop at 
some specified value of discharge current 
plus suitable tolerance and margin. If a 
gap type of protective device such as a 
protector tube or a plain rod gap is to be 
used, the protection afforded is based en- 
tirely on the time to break down and 


Typical 12,000-Volt Substation 


Designed for Basic Insulation Level 95 


Withstand Voltage 


Apparatus Low- Impulse 
Insulation Voltage Frequency Full-Wave 
Classification* Rating* Test Test 
Item (Ky) (Ky) (Ky RMS) (Ky Crest) 
Surge protective equipment: 

Tight nispqarrestenna ss suas ne sneee voce cceccesoetenscarsoees 12 
Supply transformers: 

(Oiveri5OO'KVa acs, cleie eb « ov dele Seite vow eicseice UR aed cesses LD eoatonss sus GA er aries 112 
Station power transformers: 

(Less than, 500 kya)oo. <a accescedesssees cD he ay Ara LO ee naira ures 4 rica 95 
Regulators: . . 
(Less than 750 kva, three phase) .........++++++ Stier see 5 ES ane OF I BAe iveeues 95 
Instrument transformers: WA a 

WUrentWOULGOOr a eres oe ivic.s ers vcs slemin wow o ice 15 Sele atotelpiele WE AR BAe Gor ota a 

Potential, outdoor (ratio 100 to 1)............ 15 snag als odiele 12 a siaieetrasin vi Zavesves fe 

Grrrent] 1HGGOr sec ccte omcsies ne sineisie Fis eialarsies « 25 Sivepeieie aieis Din sistas; ee ere aes ” 

Potential, indoor (ratio 100 to 1)............. Special cs. 6-17 LO avira COL Beh ois cls 5 
Oil circuit breakers: 

‘Outdoor Pe Potten Gi ais \arsis.eie sl ein! einis.c:9,4)0/¢ a Teer ae otic 15 5 OS DA ra serait 110 

Indoor—Below 500,000 kva.....+++++seeeeees 15t...++-++- 13 vette eees se a sete aes 
Bus and switch insulators.......-0+eeeeeececerereee a ; : ; : sie ree rr ieee ah i 


* This designation is that at present used by manufacturers. 


** Flashover rating. 


Available indoor apparatus does not meet basic-insulation-level requirements. 


Impulse withstand test not yet determined. 


Next higher (23 kv) rated 


breakers are at present available only in ratings 500,000 kva and above. 
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should not be considered as a level, but 
rather a volt-time curve. In this case, a 
comparison of the apparatus chopped- 
wave impulse-voltage test with the gap 
breakdown at a comparable time plus suit- 
able tolerance and margin would more ac- 
curately represent co-ordination for ap- 
paratus on which complete volt-time 
curves are not available. 

In selecting the insulation level for a 
specific situation, consideration should be 
given to the requirements as imposed both 
by the low-frequency voltages and the im- 
pulse voltages which may exist. This dis- 
cussion deals principally with the impulse 
voltages. However, the low-frequency 
voltages which may appear on the system 
must also be given adequate consideration 
and the low-frequency insulation require- 
ments, both dry and wet, determined with 
evaluation of specific conditions, such as 
dirt, condensation, fog, etc. In the final 
analysis, the insulation suitable for a given 
situation will be that which fulfills the low- 
frequency requirements, the surge-voltage re- 
quirements, and the economics involved. 


Illustrative Examples 


In order to make more clear and specific 
the application of this procedure to the 
selection of impulse levels, three examples 
are outlined below. Itis thought that the 
conditions selected are those typically 
existing on many large transmission and 
distribution systems in the United States. 
For convenient reference, table IV sum- 
marizes the present impulse insulation 
levels of various types of apparatus listed 
according to the impulse full-wave volt- 
age-test levels. These data are based on 
information available at the present time. 


EXAMPLE I—TypPpicaL Low-VOLTAGE Dis- 
TRIBUTION-SUBSTATION APPARATUS 


Assume a 4,160-volt distribution sub- 
station with bus and switching equipment 
indoors, transformers and regulators out- 
doors, and with overhead lines connected. 
The supply transformers are all to be con- 
nected wye on the low-voltage side with 
the neutral solidly grounded and delta 
connected on the high-voltage side. This 
makes the ratio Xo/X, less than one at all 
times and, therefore, under fault condi- 
tions the voltage to ground at the sub- 
station will not exceed normal maximum 
line-to-ground operating voltage®®" which 
might be as high as 2,800 volts on the line 
side of the voltage regulators. This al- 
lows the use of 3-kv protective devices for 
the supply transformers, the bus, or the 
regulators. Allowing a margin of ten 
per cent above the arrester maximum 
performance at 5,000 amperes discharge 
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plus 25 kv and using the “industry 
characteristics” for a modern 3-kv line- 
type arrester,! the protected level would 
be 44 kv (17.5+1.7+25=44 kv) and 
the minimum allowable basic insulation 
level would thus be 45 kv for apparatus 
closely connected to the protective de- 
vices. However, if the station is large or 
important, a higher basic insulation level 
probably is justified for apparatus in the 
most important locations, and a 60-kv 
basic insulation level would then be indi- 
cated for bus and switch insulators, power 
transformers, circuit breakers, and other 
apparatus whose failure would mean a 
complete station interruption. 

The selection of the specific apparatus 
is next a matter of determining the rating 
or type designation of each kind of ap- 
paratus which will meet the impulse in- 
sulation level and the low-frequency re- 
quirements as decided upon. Table I il- 
lustrates a typical selection of equipment 
for the 4,160-volt distribution substation 
of example I as based on present available 
insulation classes necessary to meet a 60- 
kv, or 45-kv impulse level where such 
would be permissible. It will be noted 
that there is little consistency among the 
various designations of apparatus insula- 
tion classes as related to the impulse full- 
wave test values for the different types of 
apparatus. The potential transformers 
connected to the bus would probably be 
special, since the present practice is to 
make 20/1 indoor potential transformers 
to the 50-kv impulse level. If the po- 
tential transformers were connected 
through an adequately insulated fuse and 
used only for such purposes that a failure 
of a potential transformer would not cause 
an interruption, the 50-kv impulse level 
probably would be considered satisfac- 
tory. 

It will be noted that low-frequency test 
values are also included in table I. As 
mentioned above, consideration must be 
given to low-frequency requirements in 
selecting apparatus. However, further 
analysis of these requirements is not given 
here since it is outside the scope of this 
paper. 


EXAMPLE JI—TyrpicaL HiGH-VoOLTAGE 
DISTRIBUTION-SUBSTATION APPARATUS 


Assume a major switching substation 
including indoor and outdoor apparatus 
operating at 12,000 volts. The station 
contains disconnecting switches, oil cir- 
cuit breakers, voltage regulators, potential 
and current transformers, and stepdown 
transformers connected delta. The power 
supply comes in over several overhead 
lines, the oil circuit breakers to some of 
which at times may be operated open and 
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to which potential transformers are con- 
nected on the line side in connection with 
the automatic switching scheme contem- 
plated. 

Following the outline of example I, it 
is determined that the low-frequency line- 
to-line voltage may reach 13,000. The 
neutral is not effectively grounded, since 
the neutral ground is located at the gene- 
rating station some distance away and the 
maximum low-frequency line-to-ground 
voltage is accordingly determined to be 
11,000 volts. This will require the use of 
12-kv-rated protective devices. With 
line-type arresters for installation on in- 
coming lines and power transformers, a 
protected level of 94 kv (62.54+6.2+ 
25=94 kv) would be provided and a 
basic insulation level of 95 kv would be 
suitable for the impulse requirement of 
all apparatus in this station. The low- 


Table III. 


Insulation Design Basis: 


the insulation requirements and co-ordi- 
nate with the other apparatus. In the © 
case of circuit breakers, the existing indoor 
types having interrupting ratings below 
500,000 kva have impulse full-wave test 
values considerably below that of the 
other apparatus. Breakers of this inter- 
rupting rating are not generally available 
in the next higher voltage (23 kv) class. 


EXAMPLE JII—TypicaL H1GH-VOLTAGE 
SUBSTATION APPARATUS 


Assume a 138-kv transmission substa- 
tion in connection with a steam generat- 
ing plant. The step-up transformers, of 
which there are two banks, are delta-con- 
nected on the generator side and wye-con- 
nected on the high-voltage side with the 
neutral solidly grounded. One of the 
transmission lines is an interconnection 
with another system and therefore has 


Typical 138-Ky Substation 


Basic Insulation Level 650 on Incoming Lines; 550 Elsewhere 


Withstand Voltages 


Apparatus Low- Impulse 
Insulation Voltage Frequency Full-Wave 
Classification* Rating* Test Test 
Item (Ky) (Ky) (Ky RMS) (Kv Crest) 
Main bus and transformers 
Surge protective device: 
Lightning arrester’. 2. 5.ertateote sleistarsiereseyers oe atara the toe eles 121 (109) 
Power translormers's. tse sceurivisiese ueis, +. crete ors keisioneeeusens 1B GT A Soe O VSS acto otolets 540 
Instrument transformers: 
Potentiali(rationl, 200ton) teresa ee te eee LUGieteerens 138.,2:231L 5 | Been 540 
Gurremticccitccus sarctacs tote teteratoicdetcis ise tec<inles ais atcteetertes NIE G tise PG cca 20 | ete ro ote 540 
Oilvewrcuit. breakers i sc..cc cone asente oe tare etal eeleterters 138 fraenerts 138f.3.81399 tees 680 
Busjand switch :insulators:a9-n0 ol ote eee eile eaters 115....0.250-8 wet**...5, 550** 
Bushings cc it tcc s Gia titers wie evstis vars iare ais oosue eieis Teen eee eae cease 115.%.2 -230> wets, arco 550 
Line connections 
Surge protective devices: 
Lightning arresteric joiners sess’ a a alors teeta bore eee ee 145 (133) 
Linesentrance papa cee cs « chies srs oe noah Soe nen eee 35 in. 
Regulating/equipments 11.6. ecs oee eines L8S eateries i mee {We ue Be. Sadia 650 
Instrument transformers: 
Potential (ratio 1,200 to 1)..................0-. USS ences Reema gcse 650 
Caer en teierctercin sveiatcistatelovetor ssi esie sieveieeheleteteninicyaiers WSS yoen score L380 52 241 estore 650 
Oil’circuit’breakers?. .cccuscteume stles he careeter cee ee TOS oe tern ate 138..8.313" 9c ee 80 
Bus‘and ‘switch insulators. AW... 6 se cwiels es. viele ie sice erence mere 138....340 wet**¥..... 705** 
BBushittn gs ore yasravavais resereteetiotate evs.alei a eraqereccce ele eiaternvareveterecauae teront cere 138.....275 wet  c..55 650 


* This designation is that at present used by manufacturers. 


() The greater margins between the protected level and the basic insulation level provided by these lower 


ratings may be utilized where applicable. 


} Line-to-line voltage requirements determine the rating of this apparatus. 


** Flashover rating. 


frequency wet voltage requirements would 
also have to be investigated in the final 
selection of porcelain insulation, since this 
wet requirement frequently is the deter- 
mining factor in this class of substation 
and may provide a higher impulse char- 
acteristic than indicated by the basic-in- 
sulation-level requirement. 

It will be seen from the values in table 
II that for bus insulators and indoor in- 
strument transformers, it is necessary at 
present to select some equipment having 
a voltage rating of 25 kv in order to meet 


Foote, North—Co-ordination With Basic Levels 


Impulse withstand tests not yet determined. 


metering and regulating equipment on the 
line side of the breaker. 

Following the procedure outlined, the 
possible dynamic overvoltages are ana- 
lyzed at: 


(a). The transformer connections—where 
it is desired to install a lightning arrester 
as close to the transformers as practicable 


(b). The bus—to which it is considered 
that one transformer bank will always be 
connected 


(c). The line sides of all breakers and 
metering equipment 
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Step regulators: 
Over 250 kva, single phase 
Over 750 kva, three phase } 


‘Step regulators: 
250 kva or less, single phase 
gf50 kva or less, three phase \ 


faeeor hushings..¢.. 02... Re ks 
Insulators—switch and bus*........... A 


Oil circuit breakers:{ 


wave) voltage values now being established. 


tNot impulse test value. 


With the transformers solidly grounded 
at all times, the condition for maximum 
dynamic line-to-ground voltage is found to 
be with maximum system generation and 
with one transformer bank in service. 
This voltage is calculated to be 100 kv to 
ground, which allows the use of lightning 
arresters rated 121 kv or even 109 kv on 
_ the transformers or the bus. The basic 
_ insulation level selected for the trans- 
formers and bus is, therefore, 550 kv348 
based on a protected level of 463+46+ 
25=534 kv. 

It is found by calculation that the maxi- 
mum low-frequency voltage on the line 
side of the various breakers may be greater 
than that considered satisfactory for 121- 
kv protective devices and, therefore, 145- 
kv or at least 133-kv protective devices 
are required with a corresponding basic 
insulation level of 650 kv. All this is 
shown in table III. 


Conclusions 


1. The maximum dynamic line-to-ground 
voltage of the operating system existing at 
the apparatus under consideration is largely 
determinate in the selection of the basic 
insulation level required of that apparatus. 


2. In selecting apparatus from the stand- 
point of its insulation strength, it is neces- 
sary to consider the insulation test levels to 
which the apparatus is designed, taking into 
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Indoor—500, 000 kva and EY Re 8, Re ca 
eRICHTNOTA MECneaT Cr lceten tte Me ae 


* Mininum average impulse flashover ratings 1!/2x40 wave. 


Outdoor bushings (proposed for all apparatus rated above 15 
ky, and major apparatus 15 ky and below)...... ce 


reds TOME TsO/ Octal on abe G45, 040, 
erie eats sare sate Pee ru 95..112..153. 195..245.. 
Sess 00: GOs 76.. 95..158, 195. .245. 
Remand ater sngtias ares 76. 95..112..153. 195..245 
Rie emera aa KOU .60. 6.. 96..158. 195,245 
Vieni ss 90) “aw OUu 76.. 95..158. 195. .245 
Gls, Seca SO SO 60.. 76 
rere Same as step regulators 
MMAR s OO Pict. 95..110..150. 200..250 
Se 30 45. 60.. 75..180. 180 
SOS Viie hae ee ce 85..110..145. 190..230 
RAST rae 70.,210,. 200. 190.250 
RGR POU ee eS RN as 60.. 80 


110..15 


Withstand (full 
t Negative five per cent 


Required protected level = 1.4 (2Xrating+1 kv). 


account both the low-frequency and the im- 
pulse levels rather than merely the manu- 
facturer’s voltage rating. 


3. The insulation strength of all types of 
apparatus should be clearly designated on 
the name plate in terms of the “low-fre- 
quency withstand” and ‘impulse with- 
stand”’ voltage levels. 


4. Analysis indicates that the schedule of 
basic insulation levels provided is adequate 
to fit the variety of requirements usually to 
be expected. 


5. The basic insulation levels required of 
certain apparatus closely coupled and con- 
tinuously associated with the protective 
device is not necessarily the same as that 
required of other apparatus in the same 
station which does not have the same de- 
gree of protection; for instance, power trans- 
formers as compared with line entrance 
switches or line potential transformers. 
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Proposed Standards for Outdoor 
Bushings 


AIEE JOINT COMMITTEE ON BUSHINGS 


HE electrical characteristics of bush- 

ings for different types of apparatus 
vary considerably for corresponding volt- 
ageratings. This is partly due to the fact 
that different committees have handled 
the preparation of standards for different 
types of apparatus. Consequently the 
AIEE joint committee on bushings was 
formed in an effort to develop more con- 
sistent standards covering the electrical 
characteristics of bushings for all types 
of apparatus. 

The joint committee was formed in 
February 1938 under the sponsorship of the 
AIEE standards committee. Its mem- 
bership includes representatives from the 
three AIEE technical committees which 
deal with bushings, namely, the electrical 
machinery committee, power transmission 
and distribution committee, and the pro- 
tective devices committee. The member- 
ship was carefully selected to provide tie- 
ins with the Edison Electric Institute- 
National Electrical Manufacturers Asso- 
ciation Joint Committee on Co-ordination 
of Insulation and other committees inter- 
ested in this problem. 


Two major questions are involved in 
this problem, one, what electrical charac- 
teristics are required to meet conditions 
encountered in service and, two, how 
nearly do present-day bushings meet these 
requirements? Two subcommittees were 
formed to deal with these two ques- 
tions separately. It was apparent that 
it would be necessary to prepare defi- 
nitions and a test code and two other 
subcommittees were formed to prepare 
these. 


In an effort to determine the require- 
ments on an engineering basis a prelimi- 
nary tabulation was prepared. The low- 
frequency characteristics were chosen to 
provide a satisfactory margin of insula- 
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tion strength for overvoltages due to 
switching surges, overspeed, fault condi- 
tions, etc. The impulse characteristics 
were chosen to provide a satisfactory mar- 
gin of insulation strength above the level 
of lightning protection which can be pro- 
vided with modern lightning-protection 
equipment. The impulse characteristics 
selected are in accord with the values be- 
ing considered by the Joint Committee on 
Co-ordination of Insulation. It was 


Table |. Proposed Standards for Outdoor 
Bushings 
Recommended Minimum Withstand Test 
Voltages 
Impulse Test, 
11/> x 40-n Sec 
Full Wave 
Low-Frequency Test, (Positive or 
RMS Ky Negative) 
Voltage — (Whichever Is 
Classification 1 Min. 10 Sec Lower) 
(Ky) Dry Wet (Crest Kv) 
eK Soh cakes ake ccmner QO ae aaielens 60 
De Oenateustcs OH ee RAN De as) hele sual 75 
Bist on, totes BO cis ciate SO ere evens 95 
Vi Osaerator SOlraercans eerie sists 110 
23.0 ON eee aac BO Swiss esters 150 
OaSD eres Oars cynic SOc meine ae 200 
AGUS eieke iets PADS Senco LOOM ss oie 250 
CONES aektas USisvcrerarer Vd Sipe icbototicte 350 
9D ey. arseaters BIO onan POO NS cemvicwre 450 
NUS eee 230 cer. store 280 iivimsus eee 550 
LSS arse crerers Oo etetearate Gio heuart ees 650 
ch ie Sacra BBB. co SED Save sivceie s 750 
E OGD Vacs totes ABS inrtta.. DSO se lo beeenece 900 
2300 re Mey 545i isles AAD). sinners ai0is 1,050 
QS we sciters GSOe cars 555. .1,300 
B45 sei ber SLO tire toe G65 ceveisiscaccte 1,550 


Explanatory notes: 


1, These test values apply to outdoor bushings for 
all types of apparatus in the voltage classifications 
23 kv and up. 


2, For voltage classifications 15 kv and below, the 
test values apply to bushings for major apparatus 
such as large oil circuit breakers, power transformers, 
etc; 


3. Lower test values may be assigned for bushings 
used for small oil circuit breakers, distribution trans- 
formers, etc. Further study is being given this 
phase of the subject by the committee. 


agreed that all of these characteristics 
should be expressed in terms of ‘‘with- 
stand voltages” rather than ‘“‘flashover 
voltages” in order to eliminate the varia- 
tions and uncertainties involved in flash- 
over tests. 

Other tabulations were prepared inde- 


Standards for Bushings 


pendently showing the characteristics of 
present-day bushings and these values — 
were compared with the requirements as 
mentioned above. 

After considerable study of these two 
tabulations the following recommenda- 
tions for outdoor bushings have been 
agreed upon by the committee: 


FUNDAMENTAL PRINCIPLES 


(a). Bushings are generally integral parts 
of apparatus, but for the purpose of this 
study they are considered as separate iterns 
of equipment. 

(b). Performance requirements of bush- - 
ings shall be such as to permit standard 
tests on the apparatus with which they are 
used. ; 

(c). Performance requirements are given 
on the basis of bushings without horn gaps, 
and under standard atmospheric conditions. 


(d). Bushings are not intended as protec- 
tive devices, although they may inciden- 
tally furnish partial protection to the ap- 
paratus upon which they are installed. 


(e). The electrical strength characteristics 
are defined in terms of “‘withstand”’ test 
voltages. 


(f). In all designs of bushings, the puncture 
voltage shall be greater than the flashover 
voltages for both 60-cycle and impulse 
waves under all standard test conditions. 


PERFORMANCE REQUIREMENTS 


Bushings shall be suitable for operating 
at their standard ratings: 


(a). When and where the temperature of 
the cooling medium does not exceed 40 de- 
grees centigrade. 


(b). Where the altitude does not exceed 
3,300 feet (1,000 meters). 


The bushing requirements as specified 
in table I apply to outdoor bushings when 
mounted for testing in accordance with a 
specified arrangement yet to be deter- 
mined in the test code. 


Withstand 
Test Voltage 


Withstand test voltage is the specified 
test voltage to be applied under specified 
conditions without bushing flashover. 

For low-frequency voltage the values 
are expressed as root mean square for a 
specified time. 

For impulse voltages the values are ex- 
pressed as the crest of a specified wave of 
either positive or negative polarity, which- 
ever gives the lower value. The impulse 
voltage shall be applied three times, and 
if any one (not more than one) of these 
three applications causes flashover, then 
the series of tests can be repeated. If in 
the second series of tests no flashover oc- 
curs, then the test causing flashover shall 
be considered a random shot and disre- 
garded. 
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Rationalization of Transmission-System 


Insulation Strength—lll 


Margins Between Basic Insulation Levels 
and Protectable Levels 


PHILIP SPORN 


FELLOW AIEE 


INCE the subject of ‘Rationalization 

of Transmission-System Insulation 
Strength’! was first presented in a com- 
prehensive manner in 1928, a great deal of 
constructive study and analysis have been 
devoted to the problem, and outstanding 
progress has been made in placing the in- 
sulation of an electric system on a more 
rational basis from the lightning or im- 
pulse viewpoint. Three groups have been 
most active in this work; the equipment 
manufacturers, the laboratories, and the 
users of equipment. Particular attention 
has been given by the manufacturers to 
increasing and protecting the impulse 
strength of various types of commercial 
apparatus. The laboratories have worked 
on obtaining fundamental impulse data 
on equipment impulse strength, and have 
set up approved methods of testing. Both 
the above groups as well as the users of 
equipment have co-operated in field in- 
vestigations to determine the characteris- 
tics of natural lightning. Finally, the 
users, in co-operation with both the other 


I. W. GROSS 


MEMBER AIEE 


groups, have worked untiringly to co- 
ordinate the entire work into a ration- 
alized insulation system. This principle of 
insulation rationalization should not be 
lost sight of in the individual or group 
efforts on insulation co-ordination to de- 
velop particular equipment to meet 
definite impulse strengths. That is, the 
fundamental problem is one of rationaliz- 
ing system insulation strength by co-ordi- 
nating the insulation strength of the vari- 
ous items of equipment constituting or 
forming a part of the transmission or dis- 
tribution system. 


Paper 40-36, recommended by the AIEE committee 
on power transmission and distribution, and pre- 
sented at the AIEE winter convention, New York, 
N. Y., January 22-26, 1940. Manuscript sub- 
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PuHILie SPORN is vice-president and chief engineer 
and I. W. Gross is electrical research engineer, 
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1. For all numbered references, see list at end of 
paper. 


Summary 


The AIEE joint committee on bushings 
has attempted to determine the electrical 
characteristics of bushings on an engineer- 
ing basis. The recommendations in this 
report are based on the theory that an 
ample margin of insulation strength 
should be provided above the voltages to 
which the bushings may be subjected in 
service, including dynamic overvoltages, 
switching surges, and lightning surges up 
to the level of protection which can be 
provided with modern lightning protective 
devices. This should make it possible to 
use bushings having the same electrical 
characteristics for transformers, circuit 
breakers, and all types of apparatus of 
corresponding voltage ratings because, if 
bushings have an ample margin of insula- 
tion strength above the level of protection 
which can be provided, there should be no 
need for any higher insulation strength for 
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bushings in circuit breakers than in trans- 
formers or other apparatus. Lower val- 
ues of insulation strength may be assigned 
for bushings for small circuit breakers, 
distribution transformers, etc., where 
space or other limitations may require 
smaller bushings and where a smaller mar- 
gin of protection may be satisfactory. 
The joint committee is continuing the 
study of bushings and will make addi- 
tional recommendations covering indoor 
bushings as soon as agreement can be 
reached. They may also make recom- 
mendations covering bushings for lower- 
voltage ratings and possibly other char- 
acteristics of outdoor bushings. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 


Sporn, Gross—Insulation Strength 


Principles of Insulation 
Rationalization and Co-ordination 


The general principle of insulation ra- 
tionalization requires three steps. 


1. The setting up of a group of insulation 
levels which can be assigned to various 
items of equipment. 


2. Establishing steps of insulation strength, 
as seem reasonable, between various types of 
equipment to insure electrical breakdown, if 
it does occur, taking place at a predeter- 
mined location. 


3. Establishing a reasonable margin be- 
tween the voltage level held by the protec- 
tive device (the protectable level) and the 
various basic levels themselves to insure 
that adequate protection is provided. It 
is with this latter consideration that the 
present paper is primarily concerned. 


Co-ordination has too frequently been 
interpreted to mean bringing into the 
same order, or equality; so strictly inter- 
preted it might well refer to the process of 
getting equipment to meet an agreed-upon 
level. Thus, a common level might be 
sought for all classes of equipment operat- 
ing on a grounded 69-kv system, for ex- 
ample. But this attempt at oversimpli- 
fication of the problem will not help its 
solution. If a distinction is to be made, 
then, the problem of deciding what types 
of equipment for given operating condi- 
tions shall have equal insulation, is one of 
co-ordination. On the other hand the set- 
ting up of basic insulation levels and ap- 
plying the margins between levels and be- 
tween different equipment in a given volt- 
age class is rationalization. 

The establishment of insulation steps 
between different classes of equipment on 
a given system is predicated on the as- 
sumption that the lower-insulated equip- 
ment will fail first, and without resulting 
in flashover or damage of the higher- 
insulated member. Likewise, the protec- 
tive-device level should have a sufficient 
margin between the basic level (which 
controls the insulation strength of equip- 
ment in that level) to insure that all im- 
pulse or surge overvoltages which may 
reasonably be expected will be definitely 
limited by the protective device to a value 
below the basic level or to the values al- 
lowed for equipment in that level. 

This idea was first proposed in 1928? 
and is as sound today as it seemed and was 
then. It is recognized, however, that the 
practical working out of it may be diffi- 
cult if one of the criteria to be observed 
is to be the highly desirable one of impos- 
ing no undue sharp financial burden on 
the electrical industry. Hence, it will be 
necessary to be patient. But it would be 
a grave error to overlook the importance 
of getting the principle established as soon 
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Table |. Determination of Margins of Protection Between Basic Impulse Insulatio 


All Voltage Values Kilovolts Unless Marked by Asterisk (*) in Column 1 


D 
m 
7 


Column — | 
INSULATION REFERENCE CLASS 


SYSTEM VOLTAGE-HIGHEST NORMAL 
(Phase To Phase) 


= 
° 
— 


(Phase To Phase) 


L.A. IN NEXT HIGHER INSUL. CLA 


3% LINE TO NEUT. VOLTAGE 
: (Based on c) 


ROD GAP SPAGING 


PROPOSED BASI 
(Crest of lx 40 Full Wave - Pos. or Neg.) 


VALE tO +25 : 
(For Isolated Neut System) From(e) 


— 
x | 
~~ | — 


ROD GAP FO. 
(1x5 Neg. Impulse - Ref.(o) Plus 15%) 


*®60 CYCLE RMS. 


as technical and industry conditions per- 
mit. 


Considerations Involved in 
Insulation Margins 


There are a number of important con- 
siderations involved in establishing mar- 
gins between protectable levels and basic 
levels, or what may be called the safe or 
withstand strength of the equipment 
built to that level. Among these are the 
following which are discussed below: 


1. PROTECTIVE-DEVICE 
CHARACTERISTICS 


Two factors must be considered in the 
protective device itself: first, its 60-cycle 
rating; and second, its protective char- 
acteristics. A protective device such as a 
lightning arrester or, in fact, a protective 
gap, may be considered to have a 60-cycle 
rating above which it is generally not con- 
sidered safe or desirable to operate the 
device. It is well known that a lightning 
arrester operated continuously or even for 
short periods of time with a voltage across 
its terminals above its rating is subject to 
failure from dynamic overvoltage. Like- 
wise, a protective gap has a lower limit of 
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OPERATING VOLTAGE-HIGHEST EXPECTED 


ISOLA 
L.A. MAX. VOLTAGE RATING 
(For. Isolated Neut. System) ‘ 
L.A.: IR FOR ISOL. NEUT. SYSTEM KV 
ARGIN OF BIL ABOVE ISOL.NEUT. L.A W 
heey KV 
MARGIN OF NEXT HIGHER BIL ABOVE ISOL. KV 
NEUT. L.A. Clg+1)-eJ 
GROUNDED 
SYSTEM FAULT VOLTAGE- LINE TO GROUND , Z 
(Under Fault Conditions - Effect. Gr. Neut. System) 
L.A. MAX. VOLTAGE RATING kK 
(For Effect. Gr. Neut, System) 
1 
L.A: IR FOR EFFECT. GR. NEUT SYSTEM ~—KV ive. 
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epee eS caer a tnece RY | 19 
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yy KV 
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permissible setting below which the sys- 
tem to which it is applied, when subject 
to overvoltages such as switching surges 
and other transients which are not neces- 
sarily dangerous to the system insulation, 
may experience excessive interruptions, 
thus preventing the rendering of adequate, 
not to say high grade, service. The 
normal-frequency voltage of the system, 
therefore, determines to a large extent the 
minimum lightning protection which it is 
possible to apply. 

In considering the protective character- 
istics of the arrester, a number of factors 
must be considered, on some of which we 
have little or no information at the pres- 
ent time. These factors are: 


(a). The maximum lightning current which 
the arrester may be called upon to discharge. 
Considerable progress has been made in ob- 
taining information on the magnitude and 
frequency of such currents in actual field in- 
stallations.?*3 


(b). The protective characteristic of the 
arrester (IR drop) varies with the magni- 
tude and rate of current rise through the 
arrester. The rate of rise of currents through 
arresters in service is unknown. 


(c). Again, the lightning-arrester char- 
acteristic is affected by the rate of voltage 
rise of the incoming surge and the arrester- 
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gap breakdown under this condition may be 
important. 


(d). A manufacturing tolerance has to be 
allowed for, as no two arresters of identical 
characteristics, even made by one manu- 
facturer at the same time, can be relied 
upon to have exactly the same electrical 
characteristics. 


(e). While the arrester may hold the light- 
ning voltage at its own terminals to a pre- 
determined value, under given conditions, 
just how far distant (circuit feet) it is possi- 
ble to supply this protection is one of theo- 
retical calculation only at the present time, 
and again depends upon the rate of voltage 
rise of the incoming surge and upon voltage 
reflections. 


2. FREQUENCY OF OVERSTRESS 
VOLTAGES 


The normal or excess margin of insula- 
tion over its rated or tested value may 
have to be taken advantage of in setting 
up margins between basic and protectable 
levels. For example, if currents of 15,000 
to 30,000 amperes are discharged by the 
arrester only once in 10 or 20 years, it may 
be more economical to overstress some 
equipment insulation once during this 
period as a result of such a surge, rather 
than attempt, by expensive additional in- 
sulation to maintain the basic insulation 
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& ‘ 
evel above this value under such condi- 
ions. 


. Evrecr or AGING or OTHER 
DETERIORATION OF INSULATION 


_ It is well known that some classes of 
equipment will deteriorate with age even 
though given what may be considered 
ordinary or even high-grade care and 
maintenance. The presence of carbon 
and moisture in the insulation, and natu- 
ral aging tend to weaken the insulation 
of many types of equipment, and this 
must be considered in arriving at a margin 
between the protectable level and the 
equipment strength. 


4. DEGREE OF PROTECTION 
JUSTIFIABLE AND SOUGHT 


Finally and perhaps least definite of all, 
is the degree of protection which it is de- 
sired to obtain. Probably no system of in- 
sulation steps, even with protective de- 
vices, can be practically and economically 
applied which will preclude an occasional 
failure of some piece of equipment. In 
other words, 100 per cent protection is 
practically, and certainly economically, 
impossible. But there are differing de- 

grees of near perfection, and different 
classes of service will each justify its 
separate different degree of near perfec- 
tion. Therefore, it is quite apparent that 
in arriving at the protection margins to 
protect the basic levels, consideration 
must be given to what is a reasonable de- 
gree of protection to be expected and 
economically justified under a given set of 
conditions. 


Determination of Protectable 
Levels by Use of Lightning 
Arresters 


The determination of the margin be- 
tween protectable levels and basic insula- 
tion levels obviously calls for a determina- 
tion of the protectable level as well as the 
basic insulation level. If the protectable 
level is to be obtained by the use of a 
lightning arrester it is however, necessary 
to have a clear understanding of the basis 
of applying the arrester and of determin- 
ing its performance. This has been done 
in the analysis which follows: 


1. The protective characteristic of the 
lightning arrester is based on the arrester 
discharge at 5,000 amperes with the ac- 
cepted 10-20-microsecond time character- 
istic. This value of 5,000 amperes is one 
which, as indicated by recent extended field 
tests, may be encountered with sufficient 
frequency to justify its use. 


‘2. The protective voltage levels of the ar- 
rester are taken as the maximum values (as 
distinguished from minimum or average 
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values) for all arresters, whether distribu- 
tion, line, or station type. 


3. Inapplying arresters on a power system, 
it is desirable that the arrester maximum 
permissible rating should be not lower than 
the maximum power-frequency voltage to 
ground expected on the system under the 
most severe operating conditions. 

Following this line of reasoning, the maxi- 
mum rating of lightning arresters applied on 
an effectively grounded-neutral system has, 
for purposes of this analysis, been so chosen 
as to be not less than 1.3 times* the highest 
operating voltage (line to ground) to allow 
for the higher voltage which may exist under 
fault conditions. Where more severe condi- 
tions exist, it has been assumed that they 
will be considered as special cases. 


4. In considering the entire group of nor- 
mal system voltages, the numerical values 
have been increased on a fixed percentage 
basis to take care of the probable higher 
operating voltages to be expected on some 
systems throughout the country; and on 
account of system voltage regulation, the 
percentages of increase used are as follows: 


For systems up to 8.3 kv rated voltage between 
phases, 20 per cent increase. For system voltages 
above 8.3 to 15 kv inclusive, 10 per cent increase; 
and above 15 kv, 6 per cent. 


System voltages where hydro generation predomi- 
nates are considered as requiring special considera- 
tion, although later discussion of obtainable insula- 
tion margins touches on this point. 


5. In applying rod gaps as protection to 
the basic levels, a gap spacing equivalent to 
31/, times® the line-to-neutral voltage has 
been used. It is realized that this results 
in physical spacings so small in the lower 
voltage class of equipment that they may be 
considered impractical in this range. 


In applying arresters to any power sys- 
tem, the one important criterion, that the 
60-cycle voltage across the lightning ar- 
rester should not exceed its maximum rat- 
ing, has been carefully observed. For 
arresters on an isolated-neutral system, it 
is assumed that so long as the arrester 
maximum rating is not below the power- 
frequency line-to-line voltage across the 
arrester at any time, the arrester itself is 
self-protected against power voltages. 
This reasoning is based on the large 
amount of experience throughout the in- 
dustry in applying arresters on this basis. 
In applying arresters on an effectively 
grounded neutral system, on the other 
hand, recognition is given to the fact that 
the system line-to-ground voltage may, 
during fault conditions, considerably ex- 
ceed normal. To allow for this the system 
line-to-ground voltage is increased 30 per 
cent, and this, as previously discussed, it 
is believed is sufficient to give the arrester 
dynamic-voltage protection in the pre- 
ponderating percentage of cases, where 
system neutrals are effectively grounded. 
While it may be desirable in actual prac- 


* This is the figure that applies except in a very few 
special cases on our system. For fuller discussion of 
overvoltages see references 4 and 5. 
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tice to add a small margin above this 
figure, the above basis has been used in 
this analysis. 


Protection of Basic Insulation 
Levels—Margin Between Basic 
Insulation Levels and 
Protectable Levels 


Table I has been prepared in an attempt 
to show what margins of protection to the 
basic insulation levels are possible by the 
use of protective devices on a sound engi- 
neering basis, in a range of system voltages 
normally encountered. It should be clear- 
ly pointed out, before discussing this table, 
that the analysis given herewith deals 
with the protection of the basic insula- 
tion levels themselves. The considera- 
tion of whether or not equipment is pro- 
tected will, of course, depend on whether 
or not it conforms to the definite basic in- 
sulation level to which it has been as- 
signed and the margin of protection exist- 
ing above the protectable level. As will 
be brought out in the succeeding discus- 
sion, equipment conforming to any one of 
the basic insulation levels can in many 
cases be used in closely associated levels, 
and reasonable protection supplied unless 
the equipment itself cannot by virtue of 
its dynamic-voltage functional character- 
istics be so applied. (For example, a 2,300- 
volt transformer could not be used on a 
15-kv system even if its basic insulation 
level could be adequately protected.) 

Referring now to table I, in reference a 
is given the “insulation reference class” 
which conforms quite closely to the ‘“‘pre- 
ferred system voltage” now in common 
use. The second line (reference b) gives 
the highest normal system voltages which 
may be expected to be encountered on the 
distribution and transmission systems 
throughout the country. These have been 
selected on the basis of the operating volt- 
ages now in use by a great many of the 
larger utility companies. 

To arrive at the 60-cycle basis for apply- 
ing arresters to an ungrounded system, 
reference c has been developed by in- 
creasing the ‘“‘highest normal system volt- 
ages”’ (reference b) by one of the three per- 
centages of 20, 10, and 6 as mentioned 
above. By converting these to line-to- 
neutral values the voltages for the effec- 
tively grounded-neutral system have been 
obtained (reference h). In references d 
and i, the lightning arresters have been 
selected for both isolated and grounded- 
neutral systems using the maximum per- 
missible rating for commercial arresters as 
now being made. The protective char- 
acteristics, that is, the maximum voltage 
permitted by the arrester at 5,000 amperes 
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discharge of these two groups of arresters 
(references d and 7) are given in references 
eand 7. Where double figures occur in any 
column, the first figure is for distribution 
or line-type arresters, and the second 
figure for station-type arresters. All these 
numerical values are the maximum for ar- 
resters of each class indicated, and con- 
form to published data developed by and 
agreed upon by arrester manufacturers as 
representative of their product.* 


Following the line of thought that a 
“safety factor” should be provided to take 
into account the large number of vari- 
ables as enumerated above, the arrester 
IR-drop characteristic has been increased 
by a margin of ten per cent plus a flat 
value of 25 kv. These might be con- 
sidered as the highest voltage levels that 
need to be considered in any study of 
basic insulation levels. Figures so arrived 
at for both isolated-neutral and grounded 
systems are given in references 7 and s. 


In reference g, the proposed basic im- 
pulse insulation levels now being consid- 
ered have been listed for the various in- 
sulation classes noted in columns 1 to 20 
of the table. A comparison of the basic 
insulation levels in reference g with the 
highest lightning-arrester levels already 
referred to in references r and s shows that 
there is a reasonably close agreement be- 
tween the basic insulation levels and the 
lightning-arrester characteristics plus mar- 
gins (reference r) even for the isolated- 
neutral-system arrester, although it must 
be admitted that the line-type arrester for 
isolated-neutral service shows an almost 
consistent deficiency of margin between 
the basic insulation level and the highest 
voltage level to be expected from arrester 
performance figured on that basis. This 
is admittedly, however, a method of check 
that goes to some extremes in assumption 
of unfavorable protective conditions. 


To determine the actual margin be- 
tween the proposed basic insulation levels 
and the arrester IR drop at 5,000 amperes, 
references f and k have been developed 
for isolated and grounded-neutral systems 
respectively. Reference f shows the mar- 
gins ranging from 19 kv in the low insula- 
tion class, with a general upward trend to 
150 kv in the 345 class for station arrest- 
ers. Line-type arresters do not show up so 
well however, although they do show a 
positive margin in their entire range of 
applicability. One point of distinct in- 
terest here is that shown in reference k 
which gives the margins of basic insula- 
tion levels over lightning arresters for 
grounded-neutral service. Here, the mar- 
gin starts at 19 kv and increases to 480 kv 


* By and large these values have been checked by 
laboratory test. 
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in the 345 class. From the 2.5 class up, 
the margin between the basic insulation 
level and the lightning arrester ranges 
from equality to as high as 3 times as 
great for station arresters, and as high as 
30 times as great in line arresters, for 
grounded-neutral systems when compared 
with the isolated-neutral system. 

If higher margins than given in refer- 
ence f are desired between basic insulation 
levels and lightning arresters for isolated- 
neutral service, this can be accomplished 
by using basic insulation levels in the next 
higher level. Margins obtainable in this 
way are shown in reference g.» It will be 
noted that they are quite ample even 
with line-type arresters. 

Again, where the system operates with 
an effectively grounded neutral, but ab- 
normally high voltages may occur because 
of hydro generation, system extent, or 
other conditions, it is possible to use the 
proposed basic insulation level in the as- 
signed insulation class and arrester in the 
next higher class, thus supplying the re- 
quired margin of 60-cycle strength for the 
arrester and still offering a high degree of 
protection of the basic insulation level 
as shown in reference J. Many of these 
margins for the various insulation classes 
are of the same order of magnitude as is 
possible by applying standard arresters to 
isolated-neutral systems (comparison of 
references f and /). There is, of course, 
one notable exception in the 46 class; 
but for the 69 class and above, the pro- 
tection thus afforded is equal to or better 
than that supplied on the isolated neutral 
system. 

This same reference / shows the margins 
which are possible by using the appro- 
priate arrester for grounded-neutral sys- 
tems, and basic insulation levels in the 
next lower insulation class. For example, 
in the 138 class, it is shown that by using 
115-class insulation on a 138-kv system 
with grounded-neutral arrester rated at 
109 kv, there is a margin of 130 kv. This, 
of course, is less than the 230-kv margin 
obtained when using standard 138-kv in- 
sulation with the grounded-neutral ar- 
rester. However, it is more than the 90- 
kv margin obtained in using the standard 
145-kv arrester on the isolated-neutral 
system. 


The correlation of the proposed basic 
insulation levels with protective gap char- 
acteristics is given in references m, n, 0, 
and ¢. It needs to be pointed out, how- 
ever, that the gap data at low spacings 
in the range of insulation reference classes 
from 0.6 to 8.7, involving as they do gaps 
of one-inch spacing or less, are not pre- 
sented as being particularly reliable or rep- 
resentative of gap spacings which any 
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operating company would be willing to_ 
consider as practical in these voltage 
ranges. 

The protective characteristics of a rod 
gap have been set up on a basis of using 
flashover data with a 1x5 negative im- 
pulse, and the average values of 50-50 
flashover of such gaps have been increased 
15 per cent to allow for tolerance of per- - 
formance under practical conditions. This 
gives a figure which may be comparable to 
the JR drop characteristic of arresters at 
5,000 amperes. This particular procedure 
in arriving at gap characteristics may be 
questioned, but it is presented here merely 
for comparative purposes to show the 
relative degree of protection which can be 
afforded by rod gaps using assumptions 
believed to be reasonable, and available 
data. It will be noted from reference p 
that margins of protection over the pro- 
posed basic insulation levels are positive 
up to the 69 reference class but become 
negative beyond this point. It should be 
remembered however, that these margins 
are based on a gap spacing corresponding 
to 3!/, times the maximum expected line- 
to-ground system voltage. It is entirely 
possible where experience with difficulties 
from line tripouts due to switching surges 
are favorable, or where the requirements 
of service continuity are not too stringent, 
to reduce the gap spacing and thus give 
positive margins, in some of the higher- 
voltage classes. 


Practical Experience in Applying 
Lightning Protection 


As previously reported” there was initi- 
ated some five years ago on the system of 
the American Gas and Electric Company 
a practice, applied to large power trans- 
formers, of locating directly on the trans- 
former tank a lightning arrester correlated 
with the transformer strength. It is in- 
teresting to review the performance rec- 
ord since that time of transformers pro- 
tected in this way, and compare the mar- 
gins with those arrived at from the above 
analysis. 


During the past four years there have 
been installed on the American Gas and 
Electric Company’s 132-kv_ intercon- 
nected system nearly 700,000 kva of trans- 
formers which have been protected by 
lightning arresters mounted either di- 
rectly on the transformer or as close as pos- 
sible thereto. A review of the margins be- 
tween the full-wave transformer test and 
the lightning-arrester JR drop at 5,000 
amperes for the 132-kv windings of these 
transformers indicates values from ap- 
proximately 40 kv to 205kv. All of these 
132-kv windings conform to the 115-kv 
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were concerned, some were delta con- 
nected and others built with graded insula- 
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insulation on the 66-kv systems a margin 
of 30 kv was obtained between the 
strength of various transformers applied 
on them during this period and lightning 
arrester characteristic; in the 44-kv class, 
the margin was 33 to 96 kv; in the 34.5-kv 
class 37 to 80 kv; and in the 22-kv class 
39 to 55 kv. It will be noted from the 
above figures that it has been possible to 
obtain with standard insulation on trans- 
formers as offered today, a substantial 
margin between the transformer full-wave 
test strength and /R-drop characteristics 
of lightning arresters of recent design. 
Further, in the higher-voltage class of 
138 kv, it has been possible to utilize im- 
pulse insulation one class below the stand- 
ard 138-kv class and still obtain margins 
which appear to be satisfactory. It should 
be pointed out in this connection, how- 
ever, that in nearly all these cases of 
graded insulation using insulation in the 
next lower class, the lightning arrester has 
been mounted directly on or very close to 
the transformer. 


On the 132-kv system, margins which 
_ we have been able to obtain in the past 
_ have not been quite as high as those indi- 
cated in table I or as obtained during the 
past four years. There are several reasons 
for this. One is that present-day arresters 
undoubtedly have better characteristics 
than those made several years ago thus 
permitting of larger margins, and another 
is that we have permitted ourselves to 
work on closer margins because we have 
generally impulse tested the very arrester 
which was used in service, while mounted 
directly on the transformer. Under such 
actually checked margins lower values are 
obviously still safe. It is further interest- 
ing to note that of some 750,000 kva of 
transformer capacity installed during the 
past four years involving circuits of 22, 33, 
44, 66, 88, and 132 kv, not a single case of 
transformer failure has occurred where the 
transformer strength has been built up to 
the present insulation standards and pro- 
tection supplied by modern lightning ar- 
resters with margins of the above indi- 
cated order. 


Summary and 
Conclusions 


1. The solution of the problem of rationali- 
zation of system insulation has advanced 
considerably since it was first proposed some 
12 years ago, and the currently discussed 
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series of basic insulation levels is a signifi- 
cant contribution toward its solution. 


2. The proposed basic impulse insulation 
levels (reference g of table I) appear to pro- 
vide a sufficient number of steps and their 
level values are suitably chosen so that 
modern arresters can be applied to protec- 
tion of equipment built to these basic levels, 
and adequate margins realized under prac- 
tically all conditions likely to be encountered 
in power-system operation. 


3. The spacing of the basic-insulation-level 
steps has been so arranged as to make possi- 
ble the securing of considerable flexibility in 
the choice in the margins of protection of 
equipment built to these levels without the 
assumption of burdensome economic handi- 
caps. 


4. While the margins between arrester 
characteristics or protectable levels and 
basic insulation levels appear adequate, 
considering the uncertain and unknown fac- 
tors in lightning voltage surges which may 
be imposed on apparatus and the per- 
formance of a protective device under these 
conditions, caution is necessary. Particu- 
larly is this true if the arrester is expected to 
provide adequate protection to equipment 
located at some distance from the arrester 
as is required in some cases. 


5. As a reasonable margin between the 
basic insulation level and lightning-arrester 
I R-drop characteristic, for general applica- 
tion, it is suggested that the arrester 7R 
drop at 5,000 amperes increased by ten per 
cent and 25 kv should not be greater than 
the basic insulation level. This will influence 
in some cases the type of arrester chosen. 
Where the arrester is located at or close to 
the equipment to be protected, practical 
considerations may be permitted to allow 
acceptable margins below the value so ar- 
rived at. 


6. With the acceptance of the proposed 
basic insulation levels (reference q, table I) 
the problem of assigning insulation strength 
to all classes of equipment in terms of these 
levels on an engineering and economic basis 
should not be difficult if a broad, industry- 
wide point of view is taken of the insula- 
tion rationalization problem. 


7. Eventually it will be found necessary 
and desirable, in order to complete the solu- 
tion of the problem of rationalization of sys- 
tem insulation, to provide definite margins 
in the levels of different equipment forming 
part of any given transmission system. It 
may be that this can best be done as part 
of the natural development which started 
with the work of investigation and deter- 
mination of impulse characteristics of equip- 
ment, continued with the investigation of 
natural and system overvoltage phenomena, 
to be followed by the establishment of 
proper basic insulation levels and by the 
development of equipment to protect these 
levels and, finally, completed by the assign- 
ment of insulation strength to various 
equipment groups in terms of these levels. 
Whether such margins in levels for differ- 
ent equipment on one system should be es- 
tablished at the time the problem of assign- 
ment of insulation strength to various 
equipment groups in terms of basic insula- 
tion levels is carried through, or whether it 
will be best to await the experience gained 
by the assignment of practically co-ordi- 
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nated levels for all the items of various 
equipment in a voltage class, is something 
that need not be determined at the present. 
The problem, in any case, is well enough in 
hand to permit patience with a view of not 
only allowing for integrating further ex- 
perience, but also of making certain that 
no heavy burden is thrown on any portion 
of the industry concerned in this problem. 


Bibliography 


1. RATIONALIZATION OF TRANSMISSION-SYSTEM 
INSULATION SrrenoTH, Philip Sporn. AIEE 
LIGHTNING REFERENCE Book, page 264. 


2. DrscHarcre CurRENTS IN DISTRIBUTION AR- 
restTERS, K, B, McEachron and W. A. McMorris. 
AIEE Licutninc Rererence Book, page 1492. 


3. LIGHTNING CURRENTS IN ARRESTERS AT STA- 
trons, I. W. Gross and W. A. McMorris. AIEE, 
TRANSACTIONS, volume 59, 1940 (August section) 
pages 417-22, 


4. OVvERVOLTAGES DurRING PoweEr-SystEeM 
Fautts, Edith Clark, S. B. Crary, and H. A. 
Peterson, AIEE Transactions, volume 58, 1939, 
(August section), pages 377-85. 


5. SymMMeprricaAL Components (a book), Wagner 
and Evans, 


6. APPLICATION OF SPILL GAPS AND SELECTION OF 
INSULATION Lrve ts, H. L. Melvin and R. E. 
Pierce. ELecrricaL ENGINEERING (AIEE TRANS- 
ACTIONS), volume 56, June 1937, page 689. 


7. DISTRIBUTION LIGHTNING-ARRESTER PERFORM- 
ANCE DaTA, committee report. ELECTRICAL ENGI- 
NEERING (AIEE TRANSACTIONS), volume 56, May 
1937, page 576. 


8. Linge-Typgz LIGHTNING-ARRESTER PERFORM- 
ANCE DatTA, committee report. AIEE Transac- 
TIONS, volume 57, 1938, page 661. 


9. Sration-Typgr LIGHTNING-ARRESTER PERFORM- 
ANCE CHARACTERISTICS, committee report. AIEE 
TRANSACTIONS, volume 59, 1940 (June section), 
pages 545-6. 


10. INSULATION Co-ORDINATION, Philip Sporn 
and I. W. Gross. ELecrricaL ENGINEERING 
(AIEE Transactions), volume 56, June 1937, 
page 715. 


11. RATIONALIZATION OF TRANSMISSION INSULA- 
TION STRENGTH—II, Philip Sporn. AIEE Licur- 
NING REFERENCE Book, page 514, 


12. Basic IMPULSE INSULATION LEVELS, NEMA- 
EEI Joint Committee on System Insulation Co- 
ordination. ELECTRICAL ENGINEERING (AIEE 
TRANSACTIONS), volume 56, June 1937, page 711. 


13. FLASHOVER CHARACTERISTICS OF ROD GAPS 
AND INSULATORS, NEMA-EEI Joint Committee on 
Insulation Co-ordination. ELECTRICAL ENGINEER- 
Inc (AIEE TRANSACTIONS), volume 56, June 1937, 
page 712. 


14. AppLIcATION OF ARRESTERS AND THE SELEC- 
TION OF INSULATION LEVELS, J. H. Foote and J. R. 
North. Evecrricat ENGINEERING (AIEE TRANS- 
ACTIONS), volume 56, June 1937, page 677. 


15. FLASHOVER CHARACTERISTICS OF INSULATION, 
P. H. McAuley. Electric Journal, July 1938, page 
273. 


16. INSULATION CO-ORDINATION FOR SYSTEM PRO- 
TEcTION, C. A. Powel. Electric Light and Power, 
June 1938. 


17. LIGHTNING PROTECTION OF 22-Kv SuBSTA- 
TIONS, E. R. Whitehead. AIEE TRANSACTIONS, 
1938, page 56. 

18. OVERVOLTAGE PROTECTION AND INSULATION 


Co-orDINATION, Doctor W. Wanger. The Brown 
Boveri Review, August 1939, page 179. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement’”’ to ELEc- 
TRICAL ENGINEERING. 


TRANSACTIONS 595 


Basic Impulse Insulation Levels 


PHILIP SPORN 


FELLOW AIEE 


Insulation Co-ordination 


NE of the early steps taken by the 

electrical industry, in an attempt to 
help solve the insulation-co-ordination 
problem was the formation of the Na- 
tional Electric Light Association (now Edi- 
son Electric Institute)-National Electri- 
cal Manufacturers Association Joint Com- 
mittee on System Insulation Co-ordina- 
tion in 1931. Before relating the work 
done by this committee, to acquaint the 
industry with what has been done to date 
and the present status of the work, it may 
be well to comment briefly, on what is 
meant by “insulation co-ordination.” 

It was generally recognized some ten 
years or so ago, as brought out by many 
papers in the technical press then and 
later, that the insulation strength of vari- 
ous classes of equipment was assigned not 
on the basis of the electric system as a 
whole, but rather on the requirements, as 
then understood, of each class by itself. 
This situation became strikingly evident 
in regard to the lightning, or impulse, 
strength of equipment which, until some 
13 years ago, received comparatively 
slight consideration, largely because until 
then very little was known about the mag- 
nitude of lightning voltages on electric 
systems and the ability of insulation to 
withstand such voltages. 

As information was obtained on both of 
these factors, it soon became apparent to 
some that it should be possible to arrange 
the impulse or lightning strength of equip- 
ment on any electrical system in a rational 
manner related to that particular sys- 
tem’s requirements and so proportioned 
that electrical breakdown from lightning, 
if it did occur, could be confined to a pre- 
determined location where the least dam- 
age would result to apparatus and service. 

Closely associated with this idea, which 
basically required insulation steps or 
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margins between the different classes of 
equipment, was the idea of setting up 
agreed-upon insulation levels. These 
levels, it has always been believed, quite 
logically should be based on the protec- 
tion level afforded in the various voltage 
classes by available protective devices 
such as lightning arresters. This line of 
reasoning postulates then the setting up of 
levels which can receive a reliable degree 
of protection from the protective device, 
thus tending to minimize system service 
outages. But it goes further, and permits 
assignment to the different pieces of equip- 
ment of such strengths as should localize 
the failure, if such occurs, at that point in 
the electrical system where the least dam- 
age willresult. In short, the term “‘insula- 
tion co-ordination” may be defined as the 
process of setting standards of insulation 
strength and assigning them to all the 
items of equipment in the various insula- 
tion classes in such a manner as to produce 
from an economic and operating stand- 
point both a maximum of protection and, 
if failure results, a minimum damage to 
the system. 


Progress in Solving the ‘Insulation 
Co-ordination” Problem 


The first step of the joint committee was 
the adoption in 1931 of a statement of 
principles which said: 


“The co-ordination of insulation involves 
three steps: 


“1. Establishment of insulation levels. 


“2. Specification of insulation strengths of 
all classes of equipment in established insu- 
lation levels. 


“3. Allocation of the insulation levels to the 
nominal system voltages, taking into ac- 
count all operating and environmental con- 
ditions.” 


The establishment of levels on an im- 
pulse basis with definite kilovolt values 
given, was covered by a committee report! 
in 1937. The second step was undertaken 
in 1937 by the formation of the ‘‘Insula- 
tion Strength of Equipment Subcommit- 
tee of the EEI-NEMA Joint Committee 
on Co-ordination of Insulation” which has 
since been actively working on the prob- 
lem. As a result of its work, it appears 
that the basic impulse insulation levels 
agreed upon in 1937 should now be re- 
viewed in the light of our present knowl- 
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edge, and the recent developments in the 
art. This is the subject of this paper. 


Basis for Impulse 
Insulation Levels 


In the 1937 report, basic impulse insula- 
tion levels were recommended which were 
the outcome of a study by a subcommittee ~ 
of the insulation levels of existing sub- 
stations and the performance obtained 
with those levels. The subcommittee did 
not select for the basic levels the best- 
insulated systems, but rather the average 
of a number of systems that were known 
to have a good operating record over the 
years. The values selected, therefore, 
were not unreasonably high but repre- 
sented good general practice at the time of 
the survey. 

In addition the then proposed values 
were checked against the performance 
characteristics of lightning arresters then 
available, and the flashover characteristics 
of rod gaps in use for commercial testing 
of transformers. This seemed to be a 
practical and sound basis on which to set 
up the levels. ; 

Up to the time of the 1937 report, it 
had been customary to express impulse in- 
sulation strength in equivalent ‘‘inches of 
rod gap.”’ The reason for this was that 
the testing technique of the various labo- 
ratories had not yet developed to the point 
where they could agree on the flashover 
value in volts of a rod gap. By 1937, 
however, this difficulty had been over- 
come and it.was possible, therefore, to 
express the basic impulse insulation levels 
in volts. Considering the evolution of this 
step from rod gap and insulator testing, it 
was rather natural that the conversion 
from gap spacings to volts should be on a 
50-50 flashover basis, that is, volts corre- 
sponding to gap spacings giving 50 per 
cent flashover and 50 per cent full wave 
when subjected to a standard impulse 
wave. 

Since that time experience has been 
gathered in applying the values to actual 
practice. This has shown that the basis 
originally chosen requires clarification and 
adjustment. 

It is not practicable to subject most 
types of apparatus to a series of flashover 
tests to demonstrate their insulation levels. 
Rather, a piece of apparatus is designed 
to withstand a certain impulse voltage 
when tested in parallel with a gap set for 
that particular voltage. It developed, 
then, that the impulse strength of appara- 
tus was determined on one basis (with- 
stand basis) and the required level was 
given on another basis (flashover basis). 
In order to reconcile these differences, it 
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as necessary, therefore, to include a nega- 
ive tolerance in the definition of basic 
nsulation levels for demonstration of ac- 
eptability of equipment. 

Since the basic impulse levels were pro- 
posed, manufacturers’ testing laboratories 


have been working on refining impulse 
testing technique and the determination 
of the impulse strength of various appara- 


tus. On the basis of this improved testing 
technique, it has been found quite re- 
cently that some of the porcelain insula- 
tors in bus and switch assemblies do not 
meet the basic impulse level proposed for 
the system voltage on which they are 


frequently used. As these comprise an 


important part of the system insulation, 
and as some insulators with seemingly 
inadequate insulation (as indicated by 
the suggested impulse levels) have given 
Be performance in service, it is felt that 
Beurther consideration should be given to 


that problem. 


\ 
{ 


Definition of Basic Impulse 


Insulation Levels 


The committee, therefore, set about re- 
defining the 1937 basic insulation levels 
and put the values on a “withstand” 
rather than a ‘“‘flashover’’ basis to elimi- 
nate the need for a tolerance factor. 

To indicate how this redefining was ac- 
complished, the old and new definitions 
are given below: 


OLp DEFINITION 


“Basic insulation levels are reference levels 
expressed in impulse crest voltage with a 
standard wave not longer than a 1.5x40- 
microsecond wave. 


“Note: Apparatus insulation as demon- 
strated by suitable tests shall be equal to or 
greater than the ‘basic insulation levels’. 
Due to the present limitation in testing, a 
tolerance of minus five per cent may be al- 
lowed when making full-wave tests on speci- 
fied types of apparatus.” 


New DEFINITION 


“Basic impulse insulation levels are refer- 
ence levels expressed in impulse crest volt- 
age with a standard wave not longer than 
1.5x40-microsecond wave. Apparatus in- 
sulation as demonstrated by suitable tests 
shall be equal to or greater than the basic 
insulation level.” 


To clarify what is meant by ‘‘withstand 
basis,” the definitions prepared by the 
laboratory subcommittee and amplified 
in a separate report are repeated. 


WITHSTAND VOLTAGE (FOR AN IMPULSE) 


“The withstand voltage of a test specimen 
under an impulse of any given wave shape, 
polarity, and amplitude, which does not 
cause disruptive discharge on the test speci- 
men, is the crest value attained by that im- 
pulse.”’ 
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Table I. Basic Impulse Insulation Levels 
nn EE eee 
Basic 
Basic Level 
Level Old Proposed 
Based Definition New 
Reference on Old Reduced Basic 
Class Definition 5 Per Cent Level* 
(Ky) (Ky) (Ky) (Ky) 
* 

a ee Seek ee ES. a 
Usain stearate BB sus town BO Geate os. 30 
ABises eee e BBY ccclacaves DO ere x 45 
ON Oe Ary ire GS an mae SO ngteniec ¢ 60 
SxGBineniccts SOUS. beak Oooh ts 75 

SSN ET ae WANE TACAL ST aleh sha UAT cot te 95 
Me bate ara LOOK Urs OB irs 110 
ba Ya eee LOO sereghate Oa a te 150 
AD esis are LOD Peace BO heros 200 
46 PP naa SEO Tee en ROB Sturn 250 
Re eerie ere BOUn eras Bake ivatneers cs 350 
DR ois i ai O10 ae it ey Renee wow 450 

LES yee. eee. STO weer. cae Deere mace se 550 

LSS oe. yee MSO Fe cent BEC orc ace 650 

ON Bone CQO Seniors OO cameo 750 

OG gee: eek O60 cnn Wotan ik 900 

maQ.> e, ce ce UeJOQ As ae LOSO55.%. 1,050 

MSE.) Cen rx RGSCOn ss evre cc SOO Meas ee 1,300 

B26 Gesick UG20..¢ 6 scat VbbO re ences 1,550 


* These levels represent definite steps between 
which no intermediate values will be recognized. 
It should be noted that the levels are proposed and 
still under consideration of the joint committee. 


Nore: Attention is called to the fact that equip- 
ment carrying a power-frequency voltage rating 
which is numerically the same as the ‘‘Reference 
Class’’ in table I is not necessarily required to have 
the impulse levels given in the table. 


CriITICAL WITHSTAND VOLTAGE 
(FOR AN IMPULSE) 


“The critical withstand voltage of a test 
specimen under an impulse of any given 
wave shape and polarity is the crest value of 
that impulse when its amplitude is adjusted 
to be just below disruptive discharge on 
the test specimen.”’ 


RATED WITHSTAND VOLTAGE* (FOR AN IM- 
PULSE) 


“The rated withstand voltage of a test speci- 
men is the crest value of an impulse of given 
wave shape and polarity, to be applied under 
specified conditions without disruptive dis- 
charge on the test specimen.” 


New Proposed Basic Impulse 
Insulation Levels 


As a result of the foregoing considera- 
tions it is proposed to revise the 1937 
levels as indicated in table I. The second 
column gives the 1937 levels which were 
on a 50-50 flashover basis. The third 
column gives the 1937 values reduced five 
per cent to put them on a “withstand” 
rather than a flashover basis. And the 
fourth column, which represents the new 
proposed levels, is practically the same as 
column three except that the figures have 
been rounded off to the nearest 5 kv, and 
further slightly altered in several cases to 
plot on a smooth curve against the ‘‘Ref- 
erence Class.” Also one new basic level 
of 110 kv has been added. In the first 


* Note: When rated withstand test voltages are 
specified, it is customary to specify also a definite 
test procedure for demonstration purposes. 
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column the heading ‘Reference Class”’ 
has been used and values given to facili- 
tate a comparison of the proposed levels 
with previously published! data. 

Considerable discussion has taken place 
as to the desirability of associating the 
impulse levels directly with operating 
voltages; and two radically different opin- 
ions exist on this point. One is, that since 
lightning voltages encountered in service 
are not dependent on the operating volt- 
age, the impulse levels should not carry 
what purports to be an operating voltage 
rating; rather, arbitrary references such 
as A, B, C, etc., or 1, 2, 3, etc., might well 
be used for identification. The other 
point of view is that to omit the operating 
voltage designation will result in consid- 
erable confusion in the industry. It is 
outside the scope of this paper to discuss 
this phase of the problem here. Certain it 
is, however, that a co-ordinated system of 
insulation levels is desirable, and the val- 
ues as given in the 1937 committee report 
have been extensively used in producing 
better insulation co-ordination on many 
electric transmission systems which exist 
today. 

There are, however, still individual 
items of equipment that do not meet the 
1937 basic levels, and in some cases, no- 
tably apparatus insulators and assemblies, 
some arelow. The modification of designs 
covering these devices to meet the pro- 
posed levels cannot be undertaken with- 
out considering the economic burden on 
the electric industry. However, it may 
not be detrimental to the co-ordination 
program if they do not meet the proposed 
levels until further experience and discus- 
sion on this phase shows the desirability 
of making them conform to such levels. 


Committee Representation 


The formation of the joint committee 
on co-ordination of system insulation, 
started in 1931 through joint action of 
NELA (now EEI) and NEMA brought 
together for a study of the problem two 
vitally interested groups, one the users 
and system designers, and the other the 
manufacturers. Within the last few 
months the AIEE has agreed to join the 
above two groups in carrying on the work. 
As soon as the AIEE representatives are 
appointed the committee will function as a 
triple joint committee under the sponsor- 
ship of AIEE, EEI, and NEMA. 


Summary and Conclusions 


1. The adoption of basic impulse insulation 
levels by committee action in 1937 has ac- 
tively stimulated the work of designing and 
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EEI-LNEMA SUBCOMMITTEE REPORT 


I—Introduction 


(a). Scopr oF COMMITTEE WORK 


HIS subcommittee was established 

to study laboratory differences in re- 
sults and methods in high-voltage testing 
and to propose laboratory technique to 
remedy these differences. Line-insulator, 
gap, and apparatus-insulator testing have 
been included in the scope of subcom- 
mittee activities. Some two years ago the 
subcommittee reported on flashover char- 
acteristics of rod gaps and insulators.! 
Since then continued work on high-volt- 
age problems has resulted in a markedly 
improved understanding of the situation 
and some further recommendations have 
been agreed upon. Section II of this pa- 
per gives general recommendations for im- 
pulse testing and Section III outlines the 
scope of the Committee’s recent activities 
and presents additional recommendations, 
particularly as to humidity corrections. 
All these activities are definitely related 
to the major problem of insulation co- 
ordination. 


(b). INSULATION CO-ORDINATION 


Insulation co-ordination is the correla- 
tion of the insulation strength of all the 
electrical equipment in a station or sub- 
station to meet a specified level or levels. 
In general, present practice is to have all 


o 


the equipment meet a certain level of 
strength selected so that a protective de- 
vice will control the path of discharge or 
flashover. Fundamentally, the purpose of 
impulse testing is to determine.the relative 
performance of apparatus when subjected 
to surges such as those caused by natural 
lightning. In practice the co-ordination 
of apparatus insulation for impulse volt- 
ages is determined by tests which 


(a). Demonstrate the insulation strength 
of the apparatus 


(b). Demonstrate the protected voltage 
level established by the protective equip- 
ment 


Uniform testing-equipment characteris- 
tics and testing methods and technique 
are, therefore, very desirable. 


II—General Recommendations 
for Impulse Testing 


The following practices related to im- 
pulse-voltage-testing equipment and 
methods have been found satisfactory and 
are recommended for immediate and gen- 
eral use, where standards for particular 
types of apparatus do not apply. 


(a). IMPULSE GENERATOR. 


A composite schematic diagram of the 
discharge circuit of a surge generator is 


redesigning equipment to meet these levels. 


2. Redefining the basic levels to require 
equipment to withstand the specified test 
(instead of permitting flashover at the speci- 
fied values) requires a revision of the values 
adopted in 1937. 


3. The proposed new basic levels appear to 
be based on sound fundamentals of the in- 
sulation co-ordination problem, and their 
early acceptance should result in a distinct 
forward step in carrying on the work to a 
conclusion. 


4, It is generally understood that equip- 
ment carrying a power-frequency voltage 
rating which is numerically the same as the 
“Reference Class” in table I is not neces- 
sarily required to have the impulse levels 
given in the table. Setting up levels of a 
given value is one problem; assigning equip- 
ment to these levels is a separate and distinct 
one. 
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5. Discussion is invited by all those inter- 
ested in this subject, particularly on those 
aspects of the problem dealing with the pro- 
posed new levels, designation of levels, and 
experience with the use of insulation con- 
forming to or radically different from the 
levels adopted in the 1937 report. 


Reference 


1. Basrtc ImputsE INSULATION LEVELS (EEI- 
NEMA report). AIEE Transactions, 1937, page 
711. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 “Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 
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shown in figure 1. In many cases, how- 
ever, some of the elements shown are 
omitted or are negligible. 

A capacitance C; is charged by a recti- 
fier to a voltage which produces discharge 
through a gap into a group of resistors. 
The impulse test voltage appears across 
resistance Ry, across which the test speci- 
men is connected. 

The capacitance C; may consist of sev- 
eral groups of capacitors which are charged 
in parallel and discharged in series by 
means of the Marx circuit. The induct- 
ance Ly, which is made as small as possible 
depends upon the physical design of the 
generator and the total length of the dis- 
charge circuit. The resistance R, consists 
of the inherent series resistance of the ca- 
pacitors and connections and often addi- 
tional lumped resistances. Additional in- 
ductance L, or resistance R, may be added 
at the generator terminal for wave-form 
control. 3 is a resistor, for controlling 
the length of the wave, which may be used 
in addition to R, to obtain better regula- 
tion of the test voltage especially for short 
waves. Resistance Ry may be used alone 
to control the length of the wave and it 
simultaneously serves as a voltage divider 
when a cathode-ray oscillograph is used 
for recording the wave shape. Capaci- 
tances C,and C,represent the electrostatic 
capacitances to ground of the high-volt- 
age parts and leads. Included in C, are 
the capacitance of the test specimen and 
any additional load capacitance that may 
be required for correct wave shape. Ly, 
represents the inductance of the test piece. 
For some test specimens Ll, greatly in- 
fluences the wave shape. 


Because test pieces vary widely as to 
impulse characteristics and _ successful 
testing requires that certain recommended 
waves be obtained, adjustments of circuit 
constants are frequently required. Re- 
sistances R2, R3, and Ry, capacitance C;, 
and inductance L, should be capable of 
adjustment. 

For practical reasons one terminal of 
the impulse generator is solidly grounded 
during the discharge. Impulse voltage of 
either polarity is obtained by changing 


Paper 40-38, prepared by C. M. Foust and P. H. 
McAuley as a report by the subcommittee on corre- 
lation of laboratory data of the Edison Electric 
Institute-National Electrical Manufacturers Associ- 
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the polarity of the charging circuit of the 
impulse generator. 


(b). 


The most commonly used impulse wave 
is the 1.5x40-microsecond wave which is 
being considered for certain standards. 
The 1x5- and 1x10-microsecond waves 
have been used occasionally in the past. 
In the interests of simplification and uni- 
formity, it is recommended that the 
1.5x40 wave be universally adopted with 
proper tolerances for individual appara- 
tus testing codes. 

The International Electrotechnical 
Commission recognizes two waves respec- 
tively 1x5 and 1x50 microseconds. Also 
particular tests sometimes require speci- 


IMPULSE WAVES 


_ fied wave fronts such as 50, 100, or 1,000 


kv per microsecond. 

In figure 2 is illustrated a typical im- 
pulse wave. For practical reasons a vir- 
tual zero-time point is established at O; 
and determined by a line drawn through 
the 0.1£ and 0.9£ points on the wave 
front. For the 1.5x40 wave O,X, is 1.5 
microseconds and O,X,4 is 40 microseconds. 
Thus the standard 1.5x40 microsecond 
wave rises to crest voltage in 1.5 micro- 
seconds and decays to half crest value in 
40 microseconds. In this way an impulse 
wave is specified as a 7}x72 wave where 
T, and T>; are OX, and O,X, respectively. 

If the front is difficult to determine the 
virtual time-to-crest may be given as a 
constant such as 1.5 times the interval 
between the 0.1E and 0.9£ points on the 
wave front. The proposed standard for 
transformers calls for 1.5 and, in this case, 
therefore, the virtual time-to-crest is 
1.5XoX3. 

The actual recorded wave should con- 
form to the specification. Spurious oscil- 
lations on the wave front should be 
damped out by a sufficient amount of 
resistance R, or R, to permit accurate 
measurement and analysis. The ampli- 
tude of such oscillations should not ex- 
ceed five per cent of the fundamental 
wave. 

Variations from the standard 1.5x40- 
microsecond wave shape should not ex- 
ceed +0.5 microsecond on the wave front 
and (+10, —0) microseconds on the wave 
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Figure1. A composite diagram 
of the impulse generator dis- 
charge circuit 


In practice Ro, Rs, Le, Cs, and 
Ls may be omitted or may be 
negligible compared to the 
other constants in a particular 

generator 
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tail. These figures refer to the test wave 
when no disruptive discharge occurs and 
where a particular apparatus standard in- 
volved does not specify a different toler- 
ance. When the test piece characteristic 
is such that a wave within these limits can- 
not be obtained, the actual wave shape 
should be specified. 


(c). 

In testing an insulation specimen a 
range of voltage is usually found in which 
disruptive discharge may or may not take 
place, the percentage of voltage applica- 
tions which cause disruptive discharge ris- 
ing from zero at the lower edge of the 
range to 100 at the upper edge. When no 
disruptive discharge occurs a full wave is 
obtained. When a disruptive discharge 
occurs a chopped wave is obtained and this 
chopping may occur on the tail, at the 
crest, or on the front of the wave depend- 
ing upon the voltage. 

The critical flashover voltage of a test 
specimen under an impulse of a given wave 
shape and polarity is the crest value of 
that impulse when its amplitude is ad- 
justed to cause flashover on 50 per cent of 
the applications. 


(d). 

The volt-time curve is a graph of the 
crest values of flashover voltage against 
the time to flashover for a series of im- 
pulse applications between the full-wave 
test and front-of-wave flashover. The 
points should be chosen and distributed 
to fit the volt-time curve throughout this 
range. Ordinarily 20 to 40 points are de- 
sirable where air insulation is involved, 
but fewer points will give a good approxi- 
mation of the curve and will suffice for the 
breakdown of expensive samples. The 


IMPULSE FLASHOVER 


Vo.Lt-TIME CURVE 


SE 


Figure 2. An impulse testing wave  j¢ 
illustrating methods of designating signi- 
ficant characteristics of the wave 


Recommendations for High-Voltage Testing 


points for the volt-time curve are obtained 
from cathode-ray oscillograms of impulse 
discharges. 


(e). 


Apparatus may be tested with flash- 
overs occurring on the front of the wave. 
The rate of rise or steepness of the front 
may be varied by changing the circuit 
constants or the generator voltage or 
both. 

The rate of rise is specified by the slope 
of the line through the 0.1Z and 0.9E 
points on the front, figure 2, in kilovolts 
per microsecond and is called the effective 
rate of rise. The average rate of rise is 
often considered a more significant figure 
in front-of-wave tests. It has been de- 
fined as the slope obtained by dividing the 
crest voltage of the wave by the time to 
flashover measured from virtual time zero. 

In some cases the lower part of the wave 
rises gradually to 30 or 40 per cent of the 
crest voltage and rises more rapidly there- 
after. The 0.1 point does not give a true 
indication of the wave when used in deter- 
mining rate of rise. The tangent for the 
more rapidly rising portion of the wave 
should be used in determining the rate of 
rise in this case. 

It is recommended that, at least until 
it is possible to standardize more definitely 
on front-of-wave testing technique, both 
time-to-crest and time-to-flashover to- 
gether with the method of specifying the 
rate of rise be recorded and reported in 
presenting data. 


(f). 

To provide a suitable terminology and 
facilitate testing procedure for withstand 
tests, the following definitions are sug- 
gested. 


Withstand Voltage (for an impulse). The 
withstand voltage of a test specimen under 
an impulse of any given wave shape, polar- 
ity, and amplitude, which does not cause 
disruptive discharge on the test specimen, 
is the crest value attained by that impulse. 


Critical Withstand Voltage (for an impulse). 
The critical withstand voltage of a test 
specimen under an impulse of any given 
wave shape and polarity is the crest value of 
that impulse when its amplitude is adjusted 
to be just below disruptive discharge on the 
test specimen. 


FRONT oF WAVE TEsTs 


WITHSTAND TESTS 


---------+> 


4 


099 


TRANSACTIONS 


\“— FRONT FLASHOVER 


CREST FLASHOVER 


RATED 
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VOLTAGE 
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Figure 3. The series of impulse waves illustrates 
the terminology and definitions associated with 
impulse voltage testing 


Rated Withstand Voltage* (for an impulse). 
The rated withstand test voltage of a test 
specimen is the crest value of an impulse of 
given wave shape and polarity, to be ap- 
plied under specified conditions without dis- 
ruptive discharge on the test specimen. 


These definitions are illustrated in fig- 
ure 3. 


(g). Deviations In Test Data 


For positive-polarity critical withstand 
and critical flashover voltage measure- 
ments, the value obtained in an individual 
test in any laboratory should be within 
eight per cent of available standardized 
values, which are average values or levels 
obtained on similar apparatus from tests 
made in a number of laboratories. Nega- 
tive-wave flashovers are inherently more 
erratic than positive-wave flashovers, with 
more chance of this deviation being ex- 
ceeded. In front-of-wave and volt-time 
curve testing somewhat greater discrep- 
ancies may be expected. This eight per 
cent deviation was derived from intercom- 
parison of laboratory results and is not to 
be considered as a tolerance in acceptance 
tests. 


III—Progress Report and 
Additional Recommendations 


(a). WeET FLASHOVER TESTS FOR 
INSULATORS AND BUSHINGS 


This problem is concerned principally 
with present differences in recommended 


* Note: When rated withstand test voltages are 
specified definite test procedure for demonstration 
purposes should also be specified. In behalf of 
uniformity it is urged that where possible the pro- 
cedure recommended in sections II and III of this 
paper be adopted. 
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precipitations and water resistances, 
wherein the Insulator Standards No. 41 
calls for 0.2 inch per minute and a water 
resistance of from 15,200 to 20,300 ohms 
per centimeter cube, and Oil Circuit 
Breaker Standards No. 19 calls for 0.1 
inch per minute with a water resistivity 
of 12,000 ohms per centimeter cube. 

The committee examined submitted 
data, sponsored tests in several labora- 
tories, and studied the question in con- 
siderable detail deciding finally that a 
single standard of precipitation rate 
should be used and proposed 0.2 inch per 
minute. A resistance of 15,200 to 20,- 
300 ohms per cm cube (6,000 to 8,000 
ohms per inch cube) is also proposed. 
It was found easier to control the pre- 
cipitation when the higher rate was used. 
As far as natural rain conditions are con- 
cerned, there appears to be no preference 
between 0.1 and 0.2 inch per minute. 
The range of 6,000 to 8,000 ohms per 
inch cube resistivity involves a correction 
on one type of apparatus from 0.98 to 
1.02. The correction may be disre- 
garded when tests are made within this 
range of resistivity. Tests may be made 
outside this range of resistivity provided 
recognized resistivity correction factors 
are available. In such cases the resis- 
tivity correction factors should be speci- 
fied in the standards applying to each 
particular type of apparatus. 

Attention was also given to details of 
wet test arrangements and the following 
recommended. 


1. A 45-degree directional angle for the 
spray 

2. A one-minute wetting before voltage ap- 
plication 

3. A pressure range for the water of 35 to 
60 pounds 


4, All precipitation measurements taken 
with the test specimen in place 
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5. A 6-inch to 12-inch diameter measuring 
vessel 


6. Precipitation measured in three places 
and a variation of from 0.24 to 0.16 inch per 
minute allowed throughout the string length 


7. The voltage applied at a rate requiring 
at least ten seconds to flashover 


The committee recommendations are 
being considered for a revision of the insu- 
lator test standard which is now in process 
of preparation by the AIEE. 


(b). FLASHOVER OF SWITCH AND 
Bus INSULATORS 


Data submitted by several laboratories 
on outdoor switch and bus insulators have 
been assembled and are being prepared 
for submission to the joint committee. 


(c). CriticaL (MrInImuM) FLASHOVER 
VOLTAGES FOR AN IMPULSE 


In response to requests from several 
sources, this committee took action on 
the use of the word “‘minimum’’ in the 
definition of this quantity as it now ap- 
pears in ASA Definition Standards 
35.90.125. The committee considered 
a great number of substitutes and finally 
reached agreement on the use of “‘critical 
flashover voltage for an impulse’. This 
term is therefore recommended for im- 
mediate use and for substitution in the — 
ASA definitions. The following defini- 
tion is also recommended: 


“The critical flashover voltage of a test speci- 
men under an impulse of given wave shape 
and polarity is the crest value of that im- 
pulse when its amplitude is adjusted to 
cause flashover on 50 per cent of the appli- 
cations.” 


(d). ImpuLsE VoLT-TiME CURVES 


In an effort to extend the co-ordination 
between laboratories on impulse tests ob- 
tained on rod gaps and insulators for the 
critical flashover voltage, volt-time curves 
from several laboratories on rod gaps, 
with the 1.5x40 wave, back to two mi- 
croseconds have been compared. A wide 
disagreement which increased as the times 
became shorter was discovered. This 
disagreement reached +20 per cent from 
the average of the laboratory curves for 
a single test at two microseconds. The 
disagreement has been shown to be partly 
caused by wave-shape differences par- 
ticularly on the front. It has, therefore, 
been necessary to consider the basic prob- 
lem of accurate control of impulse wave 
shapes. Additional tests and exchange 
of data are on schedule. 


(e). FRONT oF WAvE TESTING 


This subject has been given attention 
by the committee and again differences 
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tween ‘laboratories immediately in- 
volved consideration of means of pro- 
duction and accurate measurement of 
wave fronts. The problems here over- 
lap those for item d above, ‘Impulse 
Volt-Time Curves,” involving still more 
difficult problems of short-time testing. 


). 


The committee was requested to con- 
sider methods of making withstand tests 
and accordingly has exchanged informa- 


IMPULSE WITHSTAND TrEsTS 


tion pertaining to definitions, test meth- 


ods, and values concerned. Active ex- 
change of data is continuing and a test 
procedure is suggested for cases where 
other standards do not apply. The 
specific test should be covered in each 
apparatus standard but it is recom- 
mended that this suggested procedure be 
adopted where possible. 

Specifications for Rated Withstand 

Impulse Tests 

1. Purpose of Rated Withstand Tests. 
Withstand tests are made to determine 


that dielectrics will be capable of withstand- 
ing the rated withstand test voltage with- 


_ out a disruptive discharge on the test speci- 


men. 


(a). For insulator types on which disruptive dis- 
charge takes the form of a flashover in air, the rated 
withstand test voltage is given for standard atmos- 
pheric conditions and the test voltage to be applied 
shall be adjusted as outlined in paragraph 5. 


APP. INS. 
| 
GAPPED 


MULTIPLY MEASURED KILOVOLTS 
BY THE CORRECTION FACTOR 
OR ADD PERCENT CORRECTION 
TO MEASURED KILOVOLTS. 
BELOW 141 Kv. CREST DECREASE 
PERCENT CORRECTION IN DIRECT 
PROPORTION TO VOLTAGE. BELOW IO MS. 
TO FLASHOVER FOR VOLTAGES ABOVE 
THE CRITICAL FLASHOVER GRADE THE 
PERCENT CORRECTION DIRECTLY WITH 
THE TIME TO FLASHOVER. 
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(6). For insulator types in which disruptive dis- 
charge occurs only as a breakdown of the solid or 
liquid dielectric, atmospheric corrections are not 
applied. 


2. Specimen Mounting. The specimen 
shall be mounted for test in accordance with 
the requirements of the apparatus code 
applying to the specimen (for example, for 
bus insulators NEMA Publication 35-28 
for 60-cycle flashover tests or new AIEE 
Standards No. 41 when accepted). 


3. Impulse Wave Shape and Polarity. 
The wave shape, tolerances, and polarity 
shall be as specified by the apparatus code 
applying to the specimen. In general, the 
polarity shall be that which produces the 
lower critical withstand voltage on the 
specimen. 


4. Voltage Measurement. The amplitude 
of the applied impulse waves shall be meas- 
ured by the methods approved in the latest 
revision of AIEE Standards No. 4. 


5. Correction for Atmospheric Conditions. 
For the conditions indicated in la, the rated 
withstand voltage shall be corrected with 
air density and humidity correction factors 
applicable to the test specimen such that: 


D 
V=RWVX— 
H 


where 


V=amplitude in kilovolts of the test 
wave 
RW V=rated withstand voltage 
D=relative air density 
H=humidity correction factor apply- 
ing to the test specimen 
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8 Figure 4. Humidity 
correction factors for 

10 flashover voltages of 
a gaps, insulators, and 
a bushings, based on 


average data from sev- 
eral laboratories 


to «ow 2 
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6. Method of Test. Three consecutive im- 
pulses shall be applied to the test specimen. 
The crest voltage of each shall not be less 
than the rated withstand voltage properly 
corrected (sections 1 and 5). If a disruptive 
discharge does not occur, the specimen shall 
be considered as having met the test. 


If two or three of the applied impulse 
waves cause disruptive discharge, the test 
specimen shall be considered as having 
failed the test. If one of the applied im- 
pulses cause disruptive discharge,* three 
additional impulses shall be applied. If 
disruptive discharge does not occur, the 
specimen shall be considered as having met 
the test. 


(g). SpHeRe GAP AND CATHODE-Ray 
OSCILLOGRAPH MEASUREMENT Com- 
PARISONS 


Several laboratories have submitted 
comparative data on sphere-gap and 
cathode-ray-oscillograph measurements of 
crest voltages based on the criterion for 
measurement accuracy recommended in 
AIEE Standards No. 4 (revision of 
December 1937). Agreement is well 
within the five per cent stipulated in all 
cases and there appears to be no tendency 
for either method to give consistently 
higher values than the other. 


(h). INTERNATIONAL ELECTROTECHNI- 
CAL COMMISSION PUBLICATION No. 60; 
GENERAL SPECIFICATIONS FOR Im- 
PULSE VOLTAGE TESTING 


Committee consideration has been 
given to this standard with the point in 
view of judging the value of such a gen- 
eral standard for equipment not now 
covered in particular apparatus or mate- 
rials recommendations or codes. In the 
United States the trend to date has been 
to include all impulse testing recommen- 
dations in three places as follows: 


1. All definitions of terms in the American 
Standards Association definitions. 


2. All recommendations on measurements 
in AIEE Standards No. 4, Measurement of 
Test Voltage in Dielectric Tests. 


3. All recommendations as to waves to be 
applied and circumstances peculiar to their 
application to be included in the particular 
apparatus or material codes. 

This trend has been a healthy one and, 
rather than develop a new general stand- 
ard, it is suggested that section II of this 
paper be used as an appendix to existing 
standards. 


(i). CORRECTION FACTORS 


Attention has been given wherever 
flashover results were being considered, 
to necessary corrections for relative air 
density and humidity. In the previous 


* For solid dielectrics disruptive discharge results in 
permanent damage and the ruptured dielectric must 
be replaced. 
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Table | 
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report of the committee humidity cor- 
rection factors for 60-cycle and positive- 
wave impulse flashover of rod gap and 
suspension line insulators were sub- 
mittted. Since then this work has been 
extended. 

The dielectric strength of air is affected 
by its temperature and pressure. Also 
flashover voltages for nonhomogeneous 
electric fields vary with the absolute 
humidity of the air. Consequently, the 
following standard air conditions have 
been adopted: 


Temperature 25 deg C (77 deg F) 
Barometric pressure 760 mm (29.92 in.) 
Humidity (vapor 


pressure) 15.45 mm (0.6085 in.) 


Correction factors have been estab- 
lished and flashover voltages should be 
referred to standard air conditions. 
Similarly, in withstand tests, where air 
insulation is involved, corrections must 
be made for the air conditions at the time 
of the test. Where tests are made at high 
altitudes the barometric pressure correc- 
tion automatically compensates for alti- 
tude. 

1. Relative Air Density. The tem- 
perature and pressure are combined into 
one unit called relative air density, which 
is unity at 25 degrees centigrade and 760 
millimeters pressure. The relative air 
density for any other condition is given 
by the formula 


_0.392B 
Pao73 7: 


where 


B is barometric reading in millimeters 
T is temperature in degrees centigrade 


The flashover voltage of disruptive dis- 
charges through air is corrected by using 
the same correction irrespective of fre- 
quency of the voltage causing flashover. 

2. Humidity. The humidity correc- 
tion varies for different types of apparatus 
and for different forms and polarities of 
test voltage. Corrections for a number 
of different conditions have been evalu- 
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ated by actual tests over a wide range of 
absolute humidity and are given in figure 
4, The corrections are given both as a 
correction factor (multiplier) and as a 
per cent correction (to be added). The 
latter is used in revising the amount of 
correction applied at low voltages and at 
short times. If, for a particular test, 
none of the standard correction curves 
applies, the one which most nearly ap- 
proximates the conditions of wave form, 
polarity, and type of apparatus should be 
used. 


CORRECTION PROCEDURE 


(a). Full Wave Test and Critical 
Flashover Voltages. The measured test 
voltage is divided by the relative air 
density and multiplied by the humidity 
correction factor to give the equivalent 
voltage for standard air conditions. If 
the measured voltage is less than 141 
kilovolts crest, the humidity per cent 
correction should be decreased in propor- 
tion for insulators and rod gaps. 


jeer kv 
141 

where H is the per cent correction from 
figure 4. The humidity correction factor 
100 + H! 

100 

(b). Front-of-Wave Tests and Volt- 
Time Curve Voltages. In correcting volt- 
time curves to standard air conditions 
the following standard procedure should 
be followed: 


is then 


1. Use the full relative air-density correc- 
tion at all points on the volt-time curve. 
In practice, divide voltage values by the 
relative air density, which corrects to stand- 
ard temperature and barometric pressure. 


2. Use the humidity correction factors for 
different waves and apparatus, as given in 
figure 4. 


(a). When the critical flashover voltage is less than 
141 kv crest, grade the per cent correction directly 
with the voltage, 


(b). For times to flashover less than ten micro- 
seconds, when the corresponding voltage value 
exceeds the critical flashover voltage, grade the per 
cent correction directly with the time to flashover. 
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In practice, multiply the critical flash- 
over voltage values and all voltage values ~ 
for times greater than ten microseconds 
by the humidity correction factor. For 
voltages exceeding the critical flashover — 
voltage at times less than ten micro- 
seconds multiply the humidity per cent 
correction by a factor equal to the corre- 
sponding time to flashover divided by — 
ten. The humidity correction factor 
used as a multiplier for short times then 
becomes 100, plus this reduced per cent 
correction divided by 100. When the 
transition point is considerably less than 
ten microseconds, judgment is necessary 
to maintain a smooth curve. When the 
critical flashover voltage is less than 141 
kv crest, decrease the per cent correction 
in direct proportion to the voltage. 


EXAMPLE 


Assume the following volt-time curve 
for a 1.5x40 positive wave obtained on a 
rod gap at relative air density 0.95 and at 
a vapor pressure of 0.2 inch. 


Time to Flashover 


(Microseconds) Kilovolts 
Bane afar ateng Me waghae sea Saye ennueeee 108 
Aw 5 rasp & Sagres tate Ne mate een 108 
Di | Rah artraca sushalapelere Sroka fst hereaain ue 113 
D setae Ole gota uite = panne ee aeenatare atone 126 
Ve Ki scale Rata ae else em eateters 158 
Es Pep es 5 en to OS hit 208 


For a rod gap at 0.2 inch humidity, the 
correction factor is 1.101 or the per cent 
correction is 10.1 from figure 4. 

(a). Correct for a voltage below 141 
kv. For a critical flashover voltage of | 
108 the per cent correction becomes 
108 X10.1/141=7.7 

(b). Correct for the time to flashover. 
At two microseconds the per cent correc- 
tion is 2X7.7/10=1.54 or the correction 
factor is 1.0154. Similarly for times less 
than four microseconds in this case. 
The corrections for the curve are then as 
shown in table I. 

The corrected kilovolts give the volt- 
time curve for standard air conditions. 

All corrections given are subject to re- 
vision from time to time, as more exact 
test data become available. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 “Transactions Supplement” to ELEc- 
TRICAL ENGINEERING. 
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Synopsis: A transient fundamental-fre- 
quency torque is shown to occur in the 
starting of all induction motors. For full- 
voltage starting on a_ general-purpose 
squirrel-cage motor, this torque may be as 
high as two or three times the pull-out 
torque. A consideration of such torques is 
particularly advisable for cases where in- 
duction motors are started and stopped fre- 
_ quently or continuously, since under such 
_ conditions mechanical failure of the motor 
_ or associated parts, gearing, couplings, etc., 
_ may occur if the stresses exceed the endur- 
ance limit of the material. 
A method of analysis is given for calcu- 
lating the transient electrical torques acting 
in the case of a locked rotor; the results 
| obtained by means of this analysis are com- 
pared with test data obtained on a special 
locked-rotor test setup. A method is also 
given for calculating shaft torque from the 
electrical torque in the usual application. 
Test results also indicate that this method 
is satisfactory for practical use. 


OR many years engineers have used 

the average starting torque and 
pull-out torques of induction motors as 
the basis for mechanical design of shafts 
and couplings, not always realizing that 
high alternating torques existed at the 
moment of starting. So far as the 
authors are aware no one has published 
any practical analysis, or even a discus- 
sion of this problem. 

The analysis and tests given in this 
paper show that when a motor is thrown 
on the line by the sudden closing of a 
switch, the contacts of which close simul- 


Paper 40-100, recommended by the AIEE com- 
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the AIEE summer convention, Swampscott, 
Mass., June 24-28, 1940. Manuscript submitted 
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Transient Starting Torques in Induction 
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taneously, a fundamental-frequency elec- 
trical torque which may be several times 
the pull-out torque, will be developed 
for the first few cycles. If the closing 
of the switch contacts of the several 
phases is not simultaneous, this alter- 
nating torque may be higher, and in the 
worst case of 90 electrical degrees lag, 
about 40 per cent higher alternating 
torques will exist. 

The actual shaft and coupling torque 
will depend on the flexibility of the shaft 
and coupling and the inertia of the load 
and the motor. Itis apparent that if the 
natural frequency of the mechanical 
system consisting of rotor, coupling, 
and load happens to be quite near the 
current supply frequency, the peak shaft 
torques may even exceed the electrical 
torque due to the resonance effect, 
particularly for high load inertias. Also, 
if the coupling has backlash or a non- 
linear torque-angle characteristic, an in- 
crease in torque may be had due to 
impact effects. Where the driven-load 
inertia is of the same order of magnitude 
or smaller than the motor inertia, a re- 
duction in shaft torque is to be expected. 

The fact that trouble from this source 
has been encountered only in exceptional 
instances may probably be explained 
as follows: (1) Usually the torsional 
natural frequency of the system is well 
below the current supply frequency so 
that most of the alternating torque is 
absorbed by the inertia of the rotor and 
is not transmitted to the shaft; (2) in 
most applications, starts and stops are 
relatively few so that a fatigue condition 
due to repeated loadings does not exist. 
Consequently, for such conditions, tran- 
sient torques several times the endurance 
limit for indefinitely repeated loading 
may be absorbed without harm. An- 
other way of explaining this is that the 
endurance curve for the shaft material 
(with stress concentration present) rises 
steeply as the number of cycles of re- 
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peated stress is reduced; (3) ample safety 
factors in shaft design based on experi- 
ence are normally used; and (4) in most 
applications, the driven-load inertia is 
of the same order of magnitude or 
smaller than the motor inertia. 

The mathematical analysis is carried 
out for the case of the locked rotor and 
yields the maximum torque which will 
be obtained at full voltage. For the 
case of reduced-voltage starting with an 
autotransformer or star-delta connec- 
tion some flux may remain in the motor 
at the instant full voltage is applied 
with the result that even higher torques 
may occur. These latter conditions are, 
however, not considered in the present 


paper. 
Electrical Torques 


Before attempting a mathematical 
analysis of the problem, it is desirable to 
develop a physical picture of what is 
going on inside the machine under these 
transient conditions. It is simpler to 
think in terms of a two-phase machine, 
since the two windings are in space quad- 
rature and have no mutual inductance. 
It will be shown in the appendix that the 
three-phase currents of a three-phase 
machine can be resolved into components 
acting on two quadrature axes (a and 8). 

In dealing with the transient torques 
in a machine, probably the most useful 
form of analysis is based on the differ- 
ence in the products of fundamental 
current on each axis and fundamental 
air-gap flux on the axis in quadrature. 
In per unit notation! 


T= liaBp —npBa 


or if the magnetizing current 7,, on each 
axis is expressed in per-unit notation, 
the unit value being the current required to 
produce a flux sufficient to induce rated 
voltage at no load, then: 


T= Ulm —iplma (1) 


The sudden application of. an alter- 
nating voltage to a reactive circuit will 
produce a transient asymmetrical flux 
and current depending on the point on 
the voltage wave at which the switch is 
closed. 

The fundamental-frequency transient 
torque results from the reaction of the 
asymmetrical flux on one axis with the 
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alternating current on the other, and 
also to the reaction of the asymmetrical 
current on one axis acting on the alter- 
nating flux in the other. The asymmetri- 
cal flux and the associated fundamental 
torque decay slowly, since these depend 
on the magnetizing inductance. The 
asymmetrical current and its associated 
fundamental torque decay rapidly since 
these depend on the leakage inductances. 
The torque components due to asym- 
metrical current and to asymmetrical 
flux are initially equal and of opposite 
’ sign. 

The mathematical analysis is given in 
appendix B for the case of a locked rotor. 
The actual case of the machine coming 
up to speed becomes much more involved. 
However, the peak of this alternating 
shaft torque (except where exact reso- 
nance is approached) comes within the 
first few cycles and in this time the rotor 
will not have attained more than a few 
per cent speed and the effects of rotation 
on the transient currents and flux are 
negligible. 

The results of this analysis of transient 
locked rotor torques are given in equation 
11 in terms of the starting torque and 
locked power factor, for the case of 
simultaneous application of voltage to all 
phases. 

For small machines, or larger high- 
torque machines, where the locked power 
factor (cos @) is not less than 0.3, the 
component of alternating torque due to 
the asymmetrical current dies out so 
rapidly as to be negligible and the peak 
electrical torque may be obtained by 
neglecting the terms involving \:, which 
gives: 


] 
Tim=F; (1+ ) (2) 
cos } 


For a large motor with low locked power 


Figure 1. 


Test setup for measuring electrical 
torques 
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factor the component due to the asym- 
metrical current decays more slowly. 
The resultant alternating torque starts at 
zero and builds up to a maximum in a 
few cycles, and the peak electrical torque 
will still be approximately that given by 
equation 2. 

These equations apply only when there 
is simultaneous voltage application on 
all three phases. Such a condition is 
often difficult to obtain with actual 
switches or contactors. For this reason a 
second analysis was carried out by as- 
suming that the switch was closed on one 
phase of the equivalent two*phase ma- 
chine 90 electrical degrees (or 0.004 second 
at 60 cycles) later than on the other phase. 
On the three-phase machine this would 
mean that the third phase was closed 90 
electrical degrees after the closure of the 
second phase. The results of this analy- 
sis are given in equation 12. Again 
neglecting terms involving A, the peak 
electrical torque becomes: 


Pm= Ta 1+ v2) 


cos ¢ 


(3) 


Values of peak torque found for such 
conditions are around 20 to 40 per cent 


Figure 2. Compari- 
son of test and cal- 
culated torque curves 


for typical high- ; 
torque induction a 
motor 2 
< 
rao) 


higher than those obtained on the as- 
sumption of simultaneous voltage ap- 
plication. 

A physical explanation of the increased 
torque due to closing the last phase 90 
degrees later may be had, by considering 
that this may result in maximum asym- 
metrical flux in each of the two axes 
which gives a resultant asymmetrical 
flux +/2 times the maximum value on one 
axis. 


Tests to Determine 
Electrical Torques 


In order to check up on the theoretical 
work, a special locked-rotor test arrange- 
ment (figure 1) so designed as to record 
transient torques was used. Essentially, 
it consists of an arm attached to the 
motor shaft and held at its end by a thin 
tool-steel bar. Under the action of 
pulsating torques, this tool-steel bar is 
stretched or contracted, these transient 
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movements being recorded on an oscillo- 
graph by means of a magnetic strain 


gauge.2 By using a tool-steel bar, a- 
fairly high natural frequency, relative © 


to the current supply frequency, was 
obtained. The relation between rotor 
torque and oscillograph-beam deflection 
is established by a static calibration. 


In figure 2 a typical curve of transient — 


starting torque obtained on a high-resist- 
ance induction motor is shown by the 
full lines. It may be seen that this con- 
sists essentially of a pulsating component 
at the current supply frequency which 
dies out after a time. For comparison, 
a calculated curve obtained from equa- 
tion 11 is also shown. 

A summary of ratios of maximum 
torque 7, to nominal starting torque 
T, obtained on various rotors at different 
frequencies (so that cos @ varied from 
about 0.6 to 0.95) is shown in figure 3. 
It may be seen that while there is con- 
siderable scatter in the results, most of 
the test points occur between the limits 
of the curves defined by the approxi- 
mate equations 2 and 3, with the 
latter equation yielding an approxima- 
tion to the upper limit. 
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Transient Shaft Torques 


GENERAL METHOD—LINEAR COUPLINGS 


The preceding discussion has been 
primarily concerned with the transient 
electrical torques acting on the rotor 
at the instant of starting. In most 
cases, however, the designer is mainly 
concerned with the transient shaft 
torques, since on these depends the design 
of the mechanical parts. As mentioned 
before, these shaft torques depend not 
only on the electrical torque, but also 
on the other characteristics of the drive 
including rotor and load inertias, flex- 
ibility of shaft-coupling system, and in 
certain cases, the shape of the torque- 
angle characteristic of the coupling. 

In many cases of practical interest, 
an induction motor is coupled to a heavy 
inertia load by means of a flexible cou- 
pling. An example of such construction 
is the roll-table drive used in continuous 
strip mills. In such cases the system 
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ee * - 

ay usually be represented for purposes 
of analysis by a single degree-of-freedom 
em consisting of a mass, representing 
the motor, connected by a spring, repre- 
senting the coupling and shaft flexibility, 
to a rigid body. This analysis will hold 
approximately where the equivalent 
driven-load inertia is large compared to 
hat of the motor. As will be shown 
ater, the results for this case may also be 
used when the load inertia is finite. 

If we neglect damping, the known 
differential equation of motion for such a 
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CALCULATED CURVE (EQ 3) 
ee 
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_ Figure 3. Comparison of test and calculated 
values of ratios between peak electrical torque 
and starting torque 


system, assuming a coupling with a linear 
torque-angle characteristic is 


d*@ 

In oa + hO= FO (4) 

The shaft torque may be determined by 
introducing F(t) as given by equations 
11 or 12 into equation 4 and integrating, 
the integration constants being deter- 
mined from the initial conditions which 
require that when ¢t=0, @=0, and 
d0/dt=0. Because of the rather com- 
plicated expression for F(#), such an in- 
tegration becomes very laborious and for 
this reason the following alternative 
method was used. 

By using the principle of superposition, 
it may be shown that if damping is 
neglected, the angular displacement for 
the single degree of freedom system 
under consideration is given by:* 


1 4 F(t 
nif BO ant, (ri zothdl 
On Lm 


APPLICATION TO HIGH-RESISTANCE 
ROTORS 


Unless the damping is unusually high, 
it is justifiable where high-resistance 
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rotors are involved to neglect damping in 
practical systems where the natural fre- 
quency of the system is much less than 
the current supply frequency since in 
such cases the peak torque will occur 
within the first cycle of oscillation at the 
natural frequency.* 

Assuming as before that the magnetiz- 
ing reactance is very large compared to 
the rotor or stator resistance, the decre- 
ment factor \,, will be small compared 
to w. Hence, the term €™ may be 
taken as unity in the expression for F(2), 
since during the first few cycles of ap- 
plied voltage during which the maximum 
shaft torque occurs, this term will differ 
but little from unity. With this sim- 
plification, by integrating equation 5 the 
expression for shaft torque takes the 
form: 


T=T,{1+pie**+ Bre sin (wt+-y2)+63X 
sin (wpt+-ys) +84 sin (wt+y.)} (6) 


where §), 82, Bs, Bs, Y2, Ys, Ya, depend on 
w/w, and ¢. 

For typical high-resistance rotors 
(cos 6 >0.3), it may be assumed that the 
term €** dies out very rapidly during 
the first cycle of applied voltage, so that it 
may be neglected as far as any contribu- 
tion to the peak torque is concerned. 
(The results, however, should not be 
applied when low-resistance rotors are 
being considered.) In addition, in prac- 
tical cases where w, is not over say w/2, 
it may be assumed as a first approxima- 
tion, that the phase angles ys andy4 are 
such that the torque components p; 
and 6, add directly. (This will yield 
results somewhat on the safe side, the 
closeness of the approximation being 
greater for smaller ratios of w,/w.) With 
these simplifications, the peak shaft 
torque (for high-resistance rotors) be- 
comes: 


Tm=T.{1+6:+ 64} (7) 


Values of the ratio T,,/7T, obtained by 
using this method for various values of 
cos ¢ are plotted in figure 4 for simul- 
taneous voltage application on both 
axes and in figure 5 for voltage applica- 
tion on the B axis 90 degrees later than 
on the a axis. It may be seen that the 
latter assumption yields definitely higher 
shaft torques. It should also be noted 
that peak transient shaft torques as high 
as four to five times the nominal start- 
ing torque may occur for cases where cos 
o=0.5 and w,/w=0.5. In utilizing 
these curves, it should be borne in mind 
that because of the assumptions made, 


* When operating with a natural frequency not far 
from the supply frequency, damping should be 
considered for an accurate solution. 
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the ratios 7;,/T, may be somewhat over- 
estimated for the larger ratios of w,/w. 
An alternative method for obtaining 
an approximate solution is to take 
e“=0 and o= 1, as before, in the 
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Figure 4. Variation of maximum shaft torque 
with torsional natural frequency—simultaneous 
voltage application 


Infinite load inertia and simultaneous voltage 
application in all phases assumed 


expressions for torque given by equation 
11 or 12. These approximate expres- 
sions are then substituted for F(t) in the 
differential equation (4) and the inte- 
gration carried out. Assuming as be- 
fore that the torque components at the 
natural frequency and at the current 
supply frequency add directly, peak 
torques somewhat lower than those 
given by the curves of figures 4 and 5 are 
obtained. 

The previous discussion deals only 
with the case where the equivalent load 
inertia is infinite compared to that of 
the motor rotor. Where this is not the 
case, that is, if the load inertia is of the 
same order of magnitude as the motor 
inertia (a condition which frequently 
occurs in practice), a comparison of the 
differential equations for the two cases 
shows that the curves of figures 4 and 5 
may still be used provided that the 
natural frequency is determined by 
using an equivalent moment of inertia 


elaine 
In+L, 


instead of J, and provided that the 
peak torque, thus found, is reduced in the 
ratio I,;/(IntIn). 

Where the torque-angle characteristic 
of the coupling is nonlinear (as it is in 
many practical couplings) the differen- 
tial equation (equation 4) will still apply 
if the constant k is replaced by a func- 
tion f(6) which represents the torque- 
angle characteristic of the coupling. 
Usually an analytical solution of this 


I, 
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Figure 5. Variation of maximum shaft torque 
with torsional natural frequency—nonsimul- 
taneous voltage application 


Infinite load inertia and voltage application 8 
axis 90 electrical degrees later than on @ axis 


modified equation is impractical and in 
such cases a numerical solution* has 
given good results when compared with 
actual test values. 

The peak shaft torques obtained by 
using the methods of calculation outlined 
herein have been compared with the 
results of actual torque measurements on 
a typical high-resistance induction motor 
coupled to a heavy inertia load by means 
of a flexible coupling. The torques were 
measured by means of a magnetic strain 
gauge so mounted as to measure shaft 
twist, the results being recorded on an 
oscillograph. The tests were carried 
out by using a number of different makes 
of flexible couplings. Although a com- 
plete discussion of these results is beyond 
the scope of the present paper, it may be 
mentioned that the results indicate that 
the methods of calculation developed 
herein for high-resistance rotors are 
satisfactory for practical application. 


Low-RESISTANCE ROTORS 


For low-resistance rotors the €*” term 
in equations 11 or 12 of appendix B can- 
not be neglected. In the first instant, 
eis unity and the two components of 
alternating torque are found to cancel 
out. After a few cycles €*” has de- 
creased considerably and the alternating 
electrical torque approaches the value 
obtained from equations 11 and 12 by 
putting A2.=0. Because the alternating 
torque builds up slowly an approximation 
to the peak torque should be had by 
adding directly (1) the shaft torque 
component at the natural frequency (pro- 


* See Timoshenko, reference 3, page 126, for an 
example of such a solution applied to a similar case. 
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duced by the impact effect of the average 
electrical torque applied in the first 
instant after starting) and (2) the torque 
component at fundamental frequency 
due to the alternating electrical torque. 
Where the load inertia is large, the first of 
these components will be about twice the 
average electrical torque in the first in- 
stant after starting. Where the ratio 
w,/w is not low, it would appear that a 
rough estimate of this average torque 
could be obtained from equations 11 and 
12 by taking e~™ as unity and neglecting 
the trigonometric terms. This gives an 
average electrical torque of 27, and 
(1+-7/2)T, for the simultaneous and non- 
simultaneous cases respectively, with 
resulting peak shaft torques of 47; and 
(2+7)T, due to the impact effect for 
the two cases. It should be noted that 
these values may be somewhat too high 
for the lower values of w,/w and for very 
low values (say 0.1 or less) the peak im- 
pact torque may be taken as 27;. To 
this must be added the fundamental- 
frequency shaft torque component due 
to the alternating electrical torque which 
is+1/(w?/w,?—1) cos @ or#+/2/(w?/+ 
Wn? —1)cos¢ for the simultaneous and non- 
simultaneous cases, respectively, the nega- 


E SIN(wtt &) 


Figure 6. Equivalent circuit used in analysis 


tive sign being used ifw< wy. For amore 
accurate solution in any particular case 
equations 11 or 12 may be taken as the 
expressions for F(#) in equation 5 and the 
integration carried out. The fact that 
mechanical damping is neglected when 
figuring the torques by these methods 
means that the calculated values of shaft 
torque may be somewhat too high par- 
ticularly where the natural frequency 
is not far from the current supply fre- 
quency. Where the load inertia is not 
large compared to the motor inertia, 
these values should also be reduced in the 
ratio I,/(I,+I,) as discussed previously. 


Conclusions 


1. All induction motors started by sudden 
application of voltage will have transient 
fundamental-frequency electrical torques. 
If started at full voltage the peak electrical 
torque may be two times the pull-out torque 
or more. 


2. The transient electrical torques can be 
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calculated by equations 11 and 12. For a 
high-torque motor the peak electrical torque | 
is given approximately by equations 3 and 4. 


3. The test results (figure 3) show that the 
method of analysis is sufficiently accurate. 


4. Mechanical torques for the common 
case where the torsional natural frequency 
of the mechanical system is well below the 
supply frequency are given by curves of 
figures 4 and 5 for high-torque motors. A 
method is also outlined for motors with low 
locked power factor. 


Appendix A 


The Equivalent Two-Phase Machine 


Park’ has shown how the currents of a 
three-phase machine may be resolved into 
direct- and quadrature-axis components on 
the two axes of the rotor. More recently 
Stanley® has given a somewhat more general 
analysis by resolving the three-phase cur- 
rents along any two quadrature axes. 
Examination of the resulting equations of 
this method shows that they are exactly 
the same as for a simple two-phase machine, 
except for zero-sequence currents (that is, 
current flowing in the neutral). 

One can arrive at this same conclusion by 
simple physical reasoning. The current in 
one phase may be thought of as dividing 
between the other two phases and this will be 
taken as one of the two-phase components. 
The second two-phase component will be 
the difference in the currents of the other 
two phases. So long as there are no neutral 
currents, the resultants of these two-phase 
components will be equal to the real three- 
phase current in any phase. 

In order to establish the relation between 
the equivalent two-phase components, take 
J and E as the line currents and phase-to- 
neutral voltage of the three-phase machine. 
Then J and 3/2E are the current and voltage 
of the first phase of the equivalent two-phase 
machine, and 4/3/2 and ./3E are the cur- 
rent and voltage of the second phase. 
Either of these two phases could be used as 
the reference, but it is more convenient to 
use the first. For this case the equivalent 
two-phase current is the same as the three- 
phase current, but the two-phase voltage 
and the inductance and resistance values 
will be taken as 3/2 times the three-phase 
line-to-neutral values. 

The locked two-phase machine consists 
essentially of two independent transformers 
and the usual transformer equivalent circuit 
(figure 6) can be used accurately to represent 
current and voltage relations on each axis. 
The inductance coefficients L; and L, are the 
leakage inductances of the primary and 
secondary, and are numerically equal to the 
ohms reactance divided by 2zf. MM is the 
magnetizing inductance. 

The secondary constants Ly. and ry are 
converted to the primary as is customary in 
all induction-motor calculations. Actually 
the secondary reactance and resistance are 
in most cases affected by eddy currents. 
The locked values of these constants will be 
used because they are correct for the funda- 
mental-frequency currents, and the error is 
only in the decrement. 
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Ancendis B 


In line with the discussion of appendix A 
the induction-motor winding is assumed 
divided into a and 8 components with axes 
at 90 degrees. Each component is repre- 
sented by the equivalent circuit of figure 6. 
The voltage applied to the circuit is given in 
the general form E sin (wf+a) and the pa- 
rameter a may be so chosen for each axis that 
the voltages acting on the a and 8 axes will 
be 90 degrees apart. Referring to figure 6, 
assuming constant values of Li, Ls, and M, 
the following differential equations hold: 


(n+pLi)h+pMin=E sin (wt+a) 
(n+pLi)tit+(re+pLe)i2=E sin (wtt+a) (8) 
1) =12+tm, 

The solution of these equations may be 
obtained either by using operational meth- 
ods or by using the ordinary methods of 
solving differential equations, but the re- 
sulting expressions become rather cumber- 
some if all the terms are included. How- 
ever, a simplification is possible since in 
practical motors the stator and rotor leakage 
inductances LZ; and ZL») are very small in 
comparison with the mutual inductance M, 
and hence may be neglected in certain ex- 


pressions. * 
The following boundary conditions hold: 


at time :=0, 7:=0, 1, =0 

and since no current is present when t=0 
Lhpi+Mpi,=E sin a 

LInpi2— M pin» =0 

In this manner we find: 


i, =I' { (sin ¢ cos a— cos ¢ sin a)e**+ 
sin (wfta—¢)} (9) 


im =Im'[€™ cos a — cos (wt+a)] (10) 


The instantaneous electrical torque is ob- 
tained from equation 1. Two cases are 
assumed as follows: 


Case I. Simultaneous application of voltage to 
both axes. 
Case II. Application of voltage to 8 axis 90 de- 


grees later than a axis to simulate effect of bounc- 
ing of switch contacts or irregularity in voltage 
application, 


In practice it will be found almost im- 
possible to apply voltage to all three phases 
at exactly the same instant; on the other 
hand the assumption of a 90-degree phase 
difference between voltage application to 
the two axes probably represents a fairly 
severe condition. 


* An integration of these equations in which no 
terms were neglected has been carried out by E. H. 
Moss using numerical values for the constants M, 
LI1, and L: corresponding to an actual motor. 
This showed close agreement with the approximate 
method described. 
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Case I—SIMULTANEOUS APPLICATION OF 
VOLTAGE TO BotH AxEs 


In this case we use equations 9 and 10 
taking a=0 for the a axis and a=90 degrees 
for Baxis. Thus iia and ima are found from 
these equations by taking a=0; ig and ig 
by taking a=90 degrees. Using the ex- 
pressions for tia, ima, 118, ims thus found in 
(1) we obtain for the torque: 


T=T,{1+e%— 
€™ cos (wt-+¢) +e cos (wt —¢) rc 
cos > (11) 


Case II—APpPLiIcATION OF VOLTAGE TO 
8 Axis 90° Later THAN ON a AXIS TO 
SmmuLaTte Errecr oF BOouNcING oF 
CONTACTS OR IRREGULARITY IN VOLTAGE 
APPLICATION 


In this case we again use equations 9 
and 10 and assume that the switch is thrown 
on the 8 axis 90 degrees later than on the 
e@axis. Let t=time measured from instant 
switch is thrown on the a axis and 4;=time 
measured from instant switch is thrown on 
the 8 axis; then 


Tv 
hae. a ea 
aW 


Onthe a axiswe take a=0 and t=t4+7/2w 
in equations 9 and 10 and thus obtain 
expressions for tig and tma in terms of f. 
The currents 7:8 and zg on the 6 axis will 
be obtained from the same equations in this 
ease by taking a=180 degrees and t=f, to 
take into account the fact that there is a 
phase difference of 90 degrees between the 
voltages and a lag of 90 degrees between the 
time the switch is thrown on the two axes. 
Using these values of tia, tma, 118, and tmp 
in equation 1 the following expression for 
the electrical torque 7» is obtained in terms 
of the time ¢: 


T2:=T,{1+ tan ¢[(1—c)e*" + 
(V 1+c2)e* sin (wt; tay) |+ 


/2 
wes eS sin (an-o- 4 t (12) 
cos @ 4 


where 


ase 
c=e * 


and a,= tan 'c. 
Nomenclature 


cos ¢= eee =locked power factor 
V x?-+-7? 

E=maximum value of applied voltage per 
phase 

f(@) =function representing torque-angle 
characteristic of shaft-coupling system 

11, 12= stator and rotor phase currents 

im =Magnetizing current per phase 

lic, ima =stator and magnetizing currents 
on @ axis 

118, Imp=stator and magnetizing currents 
on 8 axis 

I'=peak value of steady-state locked stator 
current 
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Im' = peak value of steady-state magnetizing 
current with rotor locked 

Im, I;-=moments of inertia of motor and 
driven load respectively 

I. =ImI;/(Im+J,) =equivalent moment of 
inertia of rotor-coupling-load system 

k=spring constant of shaft-coupling system 

Ly, L,:=stator and rotor leakage induct- 
ances per phase 

M=mutual or magnetizing inductance 

p=d/dt=<derivative operator 

m, f2=stator and rotor resistances per phase 

r=n+re 

T, = electrical torque assuming simultaneous 
voltage application on « and 6 axes 

Tim=maximum electrical torque assuming 
simultaneous voltage application 

T,=electrical torque assuming voltage ap- 
plication on 6 axis 90 degrees later than 
on @ axis 

T2m=maximum electrical torque assuming 
voltage application on 6 axis 90 degrees 
later than on a axis 

Tm = peak shaft torque or electrical torque 

T;=nominal starting torque 

T=shaft torque 

t=time 

w=27 times frequency of applied voltage 

@n=2r times natural frequency of system 
consisting of motor rotor, coupling, and 
load 

X=Xi +X 

x1, X,=stator and rotor leakage reactances 
per phase 

Xm = magnetizing reactance 


Wr112 or 


Mi, A2=decrement factors. \y= 


Xmr? xe 

#=angular twist of shaft-coupling system 
between motor and load 

81, Bx, 63, Ba=transient shaft-torque com- 
ponents 

2, Ys Ya=Phase angles of corresponding 


transient shaft-torque components 
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A High-Speed Differential Relay for 


Generator Protection 


W.K. SONNEMANN 


ASSOCIATE AIEE 


ECENT papers have shown that 

high-speed differential relaying is 
considerably complicated by the presence 
of the d-c transient in asymmetrical 
through fault currents. This is par- 
ticularly true of generator differential 
relaying, since an asymmetrical fault near 
the terminals of a generator provides a 
more severe d-c transient than at any 
other point on the system. The effect 
of the d-c component is to produce a false 
differential current during a through 
fault because of dissimilar performance of 
the current transformers, even though 
they may nominally be duplicate. When 
this false differential current reaches 
tripping proportions with respect to the 
restraining current, even for as short a 
time as one cycle with a high-speed relay, 
the relay problem becomes one of properly 
discriminating between a false and a true 
differential current of tripping magnitude. 


Means have been provided in the relay 
described in this paper to make the above 
discrimination. The solution has been 
worked out in accordance with two 
general principles. First, the principle 
of variable-ratio characteristics has been 
used. This principle was first described 


Paper 40-103, recommended by the AIEE com- 
mittee on protective devices, and presented at the 
AIEE summer convention, Swampscott, Mass., 
June 24-28, 1940. Manuscript submitted No- 
vember 8, 1939; made available for preprinting 
April 23, 1940. 


W. K. SONNEMANN is design engineer, Westing- 
house Electric and Manufacturing Company, 
Newark, N. J. 
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in a paper! presented at the 1939 winter 
convention, wherein it is shown that 
when the restraining current is large, 
corresponding to a heavy external fault, 
the sensitivity of the relay should be 
reduced to allow for greater shortcomings 
in current-transformer performance. Sec- 
ond, both theory and tests have shown 
that when current-transformer satura- 
tion occurs, the false differential current 
tends to be out of phase with the restrain- 
ing current. Consequently, the new relay 
has been made less sensitive at the higher 
restraint values when the differential cur- 
rent is out of phase with the restraining 
current. The new relay is shown in 
figure 1, together with the necessary 
external transformer. The relay and 
transformer together form a complete 
three-phase unit. 


Principle of Operation 


In order to analyze the principle of 
operation of the relay, a simplified dia- 
gram, showing the essential parts for one 
phase only, is desirable. This is shown 
in figure 2. The main current trans- 
formers on each side of the generator are 
shown connected to terminals 1, 2, and 
3 of the transformer element which feeds 
the relay. The principal currents from 
the secondaries of the current trans- 
formers in the leads of the generator flow 
only in the external transformer, as will 
be noted in the diagram. The trans- 
former element develops auxiliary cur- 
rent and voltage quantities for actuation 


Figure 1 (left). Type 
HA ratio differential 
relay for generator 

protection 


Figure 2. Schematic 
diagram of one relay 
element and auxil- 
iary current trans- 
former 
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of the relay element shown in the bottom 


part of the diagram. The relay element — 


has been shown very schematically. It 


is composed of a balanced-beam element 


wherein the contacts are restrained from > 


closing by split-phase voltage windings 
acting on the rear end of the beam, while 
the operating-coil magnetic circuit acting 
on the front end of the beam tends to 
close the contacts. Inspection of the 


transformer element of this diagram will — 


show that it consists of two transformer 
elements, both on the same magnetic 
circuit. Coils A and B on the center 
leg of the punchings form one of these 
transformers, which will be referred to 
as the sum coil transformer, wherein a 
voltage is developed in winding B in 
response to the restraining currents, 
I, and I3. Since the voltage developed 
by winding B energizes split-phase re- 
straining coils as shown, it is evident at 
once that the restraining force on the 
back end of the beam will never pass 
through zero. 

A possible difference current, J2, is 
shown flowing in the differential connec- 
tion of the main current transformers in 
the diagram. In the transformer element, 
this current must flow through the two 
primary coils, C; and C2, of the second 
transformer unit on the magnetic core, 
this unit being referred to as the difference 
coil transformer. The coils, D,; and Dz, 
form the secondary windings of this sec- 
ond unit. They are connected in series 
to energize the operating coil of the relay 
element. 
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Figure 3. Typical operating characteristics 
of relay. Difference current, Iz, in phase with 
restraint current 


Variable-Ratio Characteristics 


Assuming in-phase currents, it will be 
seen from figure 2 that if the difference- 
coil current transformer is made to satu- 
rate to a greater extent at the higher 
currents than the sum-coil current trans- 
former, and assuming linear relay char- 
acteristics, then it is obvious that a higher 
percentage of difference-coil current will 
be required to trip the relay contacts as 
the saturation of the difference-coil 

transformer is increased with respect to 

the sum-coil transformer. That is, as 
the restraint current is increased, the 
difference current to trip the relay will 
increase at a higher rate, thus resulting 
in the variable-ratio characteristic of 
figure 3. It will be noted from the 
curve that the minimum tripping current 
of the relay is 0.1 ampere in terms of the 
secondary, thus providing high sensitivity 
at no load on the machine. At 5 amperes 
restraint current, corresponding to full 
load, the difference current required to 
trip the relay is 0.25 ampere. This 
corresponds to a relay sensitivity of 5 
per cent. From this point on, the vari- 
able-ratio characteristic of the relay is 
illustrated by the curve. For example, at 
60 amperes restraint, a difference current 
to trip of 12 amperes represents 20 per 
cent unbalance. This indicates a de- 
crease in sensitivity of the relay by a 
four-to-one range between normal and 
12 times normal full-load current. 


Phase-Angle Characteristics 


Flux arrows have been drawn in the 
transformer element, figure 2, corre- 
sponding to the relative instantaneous 
direction of the currents, 1, J2, and Jz, as 
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shown. The polarity of the connections 
of coils C,, Cz, is such that $y, established 
by the difference current, I2, flowing 
through coils, C; and C., circulates around 
the outer legs of the laminations. With 
symmetrical coil designs, there is no 
tendency for a portion of the flux, dp, 
to circulate through the middle leg of the 
transformer, since the two ends of this 
leg will be at the same magnetic po- 
tential with respect to dp. Thus, the 
flux, @p, established by the difference 
current, J2, does not tend to establish 
directly a restraining-coil voltage, Ep, in 
coil B. The flux, ds, set up by the cur- 
rents, J; and Js, in coil A returning from 
top to bottom in the outer legs of the 
transformer as shown, has no tendency to 
induce operating-coil current in coils, 
D, and Ds, since, because of the polarity 
of connections of coils, D; and Ds, opposite 
voltages will be generated in these two 
coils by ds. From the above discussion, 


ww 


<< FLUX 


Figure 4. Flux waves in auxiliary current 
transformer 


it is evident that if the magnetic material 
were of infinite permeability and never 
saturated regardless of the required flux 
density, the two transformer units, A/B 
and C,C2/D,D2 would have no effect upon 
each other and there would be no point 
to placing them both on the same mag- 
netic structure. The fact that the 
magnetic material is not perfect, however, 
does introduce a mutual reaction between 
the two transformers, and this will be 
discussed. 

Assume that the currents J;, Je, and 
I;, of figure 2 are associated with the 


flux waves of figure 4, these flux waves ~ 


being required to generate sufficient 
voltage in the respective coils to circulate 
the currents, J) and Jz, through the relay 
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element. With J, in phase with J, and 
I;, the power factor of the relay burden, 
both restraining and operating coils, may 
be so chosen that the fluxes, dg and ¢p, 
of figure 4 will be in phase as shown by 
the solid-line curves. If the quantities 
are so chosen, however, that the peak 
of the flux, ¢p, for the difference-current 
transformer, C,C,/D,D2, extends con- 
siderably into the zone of saturation, as 
shown in figure 4, then it will be noted 
that the peak flux, ¢s, for transformer 
A/B will be hard to obtain magnetically. 
That is, the return circuit for dg is the 
outer legs of the magnetic core in parallel, 
and these two outer legs are at that par- 
ticular instant badly saturated by the 
difference transformer flux, ¢p. What 
this means is that a larger percentage of 
the sum-coil currents, J; and J;, will go 
to magnetizing current, leaving a very 
small percentage to be transformed into 
restraining coil current, Ip, through the 
winding, B. (Casual inspection of figure 
2 might indicate that the right-hand leg 
of the transformer punching might serve 
as a good return circuit for dg, since dg 
and @p are shown in opposite directions 
in this leg, thus reducing saturation and 
voiding the above argument. However, 
the argument is still valid, because at 
high saturation densities, there is not 
much difference between the amount of 
ampere turns required to reduce the flux 
density by a small increment and the 
amount of ampere turns to increase the 
flux density by the same small incre- 
ment.) Thus, the solid-line flux, dg, of 
figure 4 is associated with a phase-angle 
condition in which it would be expected 
that the required difference current to 
trip the relay would be reduced because 
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Typical phase-angle character- 
istics of relay 


Figure 5. 


Phase angle in degrees of difference current 
with respect to smaller restraint current 
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of a reduced efficiency of the sum-coil 
transformer. If now the phase angle of 
the difference-coil current, Iz, is changed 
by 90 degrees with respect to the re- 
straining current, J; and J;, so that the 
difference-coil flux, dp, is moved by 90 
degrees lagging, as shown by the broken- 
line curve, ¢p’, of figure 4, it will be noted 
that the peak of sum-coil flux, ds, occurs 
at the instant that the difference-coil 
flux is passing through zero. It would 
be expected that under this condition the 
sum-coil transformer would operate more 
efficiently than in the previously de- 
scribed case, since the peak of its flux, 
gg, is more easily obtained when its return 
circuit is not saturated. The above 
discussion indicates that since the differ- 
ence-coil transformer, through its flux 
requirements, is caused to saturate the 
return circuit for the sum-coil trans- 
former, and since this saturation effect 
varies throughout the cycle, then the 
mutual reaction between the two trans- 
formers is variable, depending upon the 
phase-angle relationship between the 
sum-coil currents and the difference-coil 
current. By suitably proportioning the 
power factor and magnitude of the re- 
straining-coil and operating-coil burdens 
of the relay element in conjunction with 
the transformer design, it was possible 
to arrive at a design in which the combi- 
nation is less sensitive to difference-coil 
currents when these difference-coil cur- 
rents are substantially out of phase with 
the restraining-coil currents. 

The phase-angle characteristics of the 
relay are illustrated in figure 5. The 
curve shows that at 60 amperes restraint, 
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Figure 6. Typical current-time curve of 


relay. Smaller restraint current constant at 
five amperes (full load) 


it is practically impossible to cause the 
relay to trip if the difference current is 
out of phase with the restraining current 
by more than 40 to 50 degrees. This 
provides a very large margin of safety in 
that the difference currents are likely to 
be highest when the restraining-coil cur- 
rent is the greatest, and they will also 
tend to be out of phase with the restrain- 
ing-coil currents. At five amperes re- 
straint, however, corresponding to full- 
load current, it should be noted that the 
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phase-angle curve of the relay is sub- 
stantially flat. This is desirable at load 
current, because there is no way of pre- 
dicting just what the phase-angle rela- 
tionship will be between a small internal 
fault current in a generator and the load 
current on the machine at the time. 


When considering the phase-angle 
curves, it should be remembered that 
those curves where the restraint current 
exceeds 5 amperes represent through 
short-circuit conditions. For this reason, 
there is no cause for alarm in the indica- 
tion that, for example, a 40-ampere 
differential current at 60 degrees lagging 
would not trip the relay at 60 amperes re- 
straint. It would be impossible to obtain 
an internal short-circuit of 40 amperes 
magnitude and maintain a through cur- 
rent of 60 amperes for an external fault. 
In other words, these curves, except for 
the 5-ampere restraint curve, apply only 
to through fault conditions, and are not 
applicable to internal fault conditions 
without proper interpretation of the 
effect of the sum-coil currents. For 
example, the 60-ampere restraint curve 
referred to was taken with a setup in 
which the sum-coil current directions 
agreed with those shown in figure 2, 
these representing an external fault. 
That is, the sum-coil ampere turns pro- 
duced by the currents, J; and J3, were 
additive and produced a positive restrain- 
ing force on the relay element. If it is 
now assumed that a fault within the 
differential zone draws 60 amperes (sec- 
ondary) through the generator, and an 
additional 60 amperes back-feed from 
the bus, it is immediately obvious that 
the direction of the two currents, J; and 
I3, will be reversed with respect to each 
other, their ampere turns will cancel in 
the sum-coil transformer, and there will 
be no restraint. Hence, the curve does 
not apply. For another example, let it 
be assumed that for the same internal 
fault, the generator current, hh, is 60 
amperes, but that the back-feed current 
I; reversed, is increased to 180 amperes. 
Then 60 amperes in one-half of the sum 
coil winding will cancel the effect of 60 
amperes of the 180 amperes in the other 
half, leaving a net effect of 120 amperes 
in half of the winding, equivalent in effect 
to 60 amperes flowing in one coil and out 
of the other, as shown in figure 2. In 
this case, then, the 60-ampere curve of 
figure 5 would apply, although it should 
be remembered that the difference-coil 
current would be definitely fixed as the 


‘sum of the 60- and 180-ampere currents. 


This sum could conceivably be somewhat 
out of phase with the net restraining-coil 
current, but not enough to affect positive 
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Figure 7. Schematic diagram of test con- 
nections 


R, represents a variable resistor used to 
produce more severe saturation in current 
transformer B 


relay operation. Referring back to the 
curve for 5 amperes restraint, figure 5, it is 
possible that a light internal fault might 
occur which would not disturb the normal 
through load current of 5 amperes to any 
great extent, hence, this curve is ap- 
plicable for internal faults as stated. 

The time of operation of the relay is 
shown by the current-time curve of 
figure 6, wherein it is shown that the 
relay is a one-cycle relay. 


Fault Detectors 


The relay is provided with three small 
solenoid-type fault detectors, one for 
each of the elements, which may be used 
for those locations where the switchboard 
panel is subject to heavy jars or vibra- 
tions. At very light loads, the restraint 
occasioned by the load current may be 
negligible, and the extreme sensitivity of 
the differential element renders it subject 
to momentary closing of the contacts 
because of jars to the panel. In order to 
eliminate false tripping from this cause, 
the fault detectors are provided. Their 
coils are connected in parallel with the 
operating coils, and their contacts in 
series with the differential element con- 
tacts. Use of the fault detectors increases 
the minimum tripping current to 0.14 
ampere, but has a negligible effect on 
the rest of the operating characteristics, 
figure 3. 


Confirming Tests 


Suitable tests have been made on the 
relay described. The essentials of the 
test connections are shown in figure 7. 
A large generator was used, so that d-c 
time constants up to T,=0.14 were 
obtained. The resistor, R,, of figure 7 
was used to increase the burden on test 
transformer B so that the two trans- 
formers under test might be deliberately 
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Figure 8. Test oscillogram for external fault 


unbalanced until failure of the relay oc- 
curred. 

Figures 8 to 11 are typical oscillograms 
from a large number of tests. The es- 
sential data for each of these oscillograms 
are given in the captions. 

In figure 8, representing an external 
fault, it is to be noted that there is an 
initial high peak of differential current 
which scales 87 amperes maximum in- 
stantaneous value. The normal output 
of transformers A and B would have 
been 54 amperes rms a-c component, if 
they held their ratio. Inspection of the 
traces representing the output of current 
ansformers A and B reveals, however, 
that they do not hold their ratio, and 
that their output is severely limited by 
d-c saturation for the first few cycles. 

m this basis, it is obvious that the high- 
speed relay sustained a very high per- 
centage unbalance for one peak without 
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tripping, as the relay contact line indi- 
cates. A simple high-speed ratio-differ- 
ential relay with the usual current coils 
would have tripped under this condition. 

The peculiar wave shape of the differen- 
tial current, shown in figure 8, warrants 
some discussion. The initial high peak 
is caused by the fact that current trans- 
former B became thoroughly saturated 
by the d-c component a short interval of 
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Primary current, 
10,800 amperes rms 
a-c component, 
Tg=0.11 second 


Test transformer A: 
1,000/5, 2.7 square 
inches iron; second- 
ary circuit resistance 

—1.36 ohms 


Test transformer B; 
1,000/5, 2.53 
square inches iron; 
secondary circuit re- 
sistance—4.04 ohms 


time before current transformer A _be- 
came saturated. During the interval 
between the complete saturation of trans- 
former B and transformer A, when trans- 
former B alone was breaking down in 
ratio, transformer A was able to force the 
peak of differential current through the 
relay. When saturation was reached in 
both transformers, however, both of them 
performed very much as if they were air- 
core transformers, neither of them having 
sufficient capacity to hold their ratio with 
the burdens involved. During the time 
when both transformers were saturated, 
both the reduced capacity of the better 
current transformer as well as the im- 
pedance of the differential circuit effec- 
tively reduced the magnitude of the 
differential current. Thus, it will be 
noted that the difference current is in- 
consequential for approximately eight 
cycles after the initial high peak. After 
approximately eight cycles however, 
transformer A, having a better ratio of 
iron area to resistance burden, began the 


Figure 9. Test os- 
cillogram for ex- 
ternal fault 


Conditions the same 
as for figure 8, ex- 
cept that the relay 
was short-circuited, 
terminal 1 to 2 to 3 

(figure 7) 


es 


process of recovery from d-c saturation 
so that it was again able to perform some- 
what better than transformer B. For 
this reason, a current began to reappear in 
the differential circuit. 

As has been stated, the nominal output 
of both transformers would have been 
54 amperes rms secondary, a-c com- 
ponent, if neither transformer had satu- 
rated, this value being derived from the 
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10,800-ampere symmetrical a-c com- 
ponent of the primary current and the 
ratio of the current transformers. In 
order to force this secondary current 
through the resistance burdens indicated, 
transformer B would have had to de- 
velop a flux density of 160,000 lines per 
square inch, and transformer A would 
have had to develop 51,000 lines of flux 
per square inch, calculated from the 
equation: 


IR 108 
™"4.44nfA 


where 


Bmn=maximum flux density in lines per 
square inch 
nm=number of secondary turns 
f =frequency in cycles per second 
A=cross-sectional area of the iron core in 
square inches 
I=rms secondary amperes 
R=total secondary circuit resistance 


(This equation has been derived from 
the familiar transformer equation, 
E=4.44nfom,10-.) The flux density 
values indicated form a measure of the 
unbalance between the two current 
transformers, the flux densities for per- 
fect a-c performance having a ratio of 
3.14/1. 

The wave form of the differential cur- 
rent in figure 8 was of sufficient interest 
to arouse speculation concerning what 
this differential current would look like 
if the impedance of the relay circuit were 
zero. In order to obtain data on this 
point, all three terminals of the relay 
were short-circuited together and the 
oscillogram of figure 9 was taken under 
the same conditions. (No contact line 
was desired in this case, since the relay 
element was short-circuited.) Figure 9 
shows a similar high initial peak of 
differential current, which scales 101 
amperes. Since there was no differential 
circuit impedance in this test to form a 
balancing action between the two trans- 
formers, the differential current did not 
subside to almost zero for several cycles, 
as in figure 8, The calibration of the 
oscillograph was the same for both tests. 

Figure 10 is an oscillogram for an 
internal fault with values as given in the 
caption. The internal fault was simu- 
lated by reversing the secondary con- 
nections of transformer B so that the 
total current of both transformers passed 
through the differential circuit of the re- 
lay. The time of operation of the relay 
is scaled from the contact line of the film 
to be approximately 0.6 cycle. Again, 
there was considerable saturation of the 
current transformers, particularly be- 
cause of the d-c transient, yet prompt 
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Figure 10. Test oscillogram for internal fault 


Primary current, 10,900 amperes rms a-c 
component, 7,=0.123 second 

Test transformers as in figure 8 except sec- 

ondary circuit resistance for current trans- 
former B reduced to 2.44 ohms 


operation of the relay was not affected. 

Figure 11 shows another test for an 
external fault except that a different pair 
of current transformers was used with a 
different degree of unbalance, particularly 
with regard to the cross-sectional area of 
the iron in the test transformers. In this 
case, the calculated flux requirements for 
the a-c symmetrical component alone are 
as follows: 


Transformer A—7,100 lines per square inch 
Transformer B—71,600 lines per square inch 


Ratio B/A = 2° _ 9. 9/1 
7,100 

In figure 11, the time of the first peak 
of differential current has been indicated 
by the dotted line, a, and it will be noted 
that this peak occurs earlier than the 
peaks of the two restraint, or sum coil, 
currents as indicated at 6. This illus- 
trates the meaning of the statement pre- 
viously made that the differential current 
tends to be out of phase with the restraint 
current when the current transformers 
saturate during through fault conditions. 


Summary of Test Results 


The tests were made over a wide range 
of variation between current-transformer 
designs and loading, as has been indicated 
in part in figures 8 and 11. The purpose 
of this was to explore the range of possi- 
bilities of the new relay by exceeding the 
range normally to be expected. For 
example, it is felt that the conditions of 
figure 8 are more severe than would 
normally be expected for a reasonable 
application of generator differential pro- 
tection. That is, it appears that the ex- 
treme importance of a large generator 
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would justify the application of trans- 
formers whose a-c flux requirements for 
the maximum symmetrical external fault 
would not exceed the nominal saturation 
density of approximately 70,000 lines per 
square inch. Other tests, not described 
here, were made to cover the conditions 
imposed when a generator is connected 
to a double bus through two circuit 
breakers. In such an application, a 
heavy current may flow during an ex- 
ternal fault from one bus to the other 
through the two circuit breakers con- 
nected to the generator. Such a current, 
flowing through the two current trans- 
formers per phase on the bus side of the 
generator, would materially increase the 
duty on them as compared to the duty 
imposed upon the current transformers 
in the neutral connection of the machine 
being protected. The relay performed 
satisfactorily in these tests. 

Since it is obvious that there is a myriad 
of possibilities between different applica- 
tions with regard to slight unbalances in 
iron area and secondary burden in current 
transformer circuits, the problem is how 
to best express the permissible variation 
in general terms. It has been found that 


_the method of analysis used for the test 


of figures 8 and 11 is the most suitable; 
that is, where the flux density of the 
transformer is calculated showing the 
requirements for the maximum sym- 
metrical current which will be experienced 
for an external fault. This method gives 
at once a figure which takes into con- 
sideration the factors which tend to un- 
balance the current-transformer per- 
formance for a given application. 

A wide variation in permissible loading 
has been shown by the ratios of calculated 
flux densities of 3.14/1 for figure 8, and 
10.2/1 for figure 11. In general, it was 
found that a higher ratio was permissible 
when the maximum calculated flux 
density for either transformer did not 
greatly exceed the nominal saturation 
density of approximately 70,000 lines 
per square inch. 
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Figure 11. Test oscillogram for external fault 


Primary current, 11,000 amperes rms a-c 


component, T,=0.094 second 


Test transformer A: 4 primary, 800 secondary 
turns, 1,000/5, 4.8 square inches iron; 
- secondary resistance (total) 1.31 ohms 


Test transformer B: 1 primary, 200 secondary 
turns, 1,000/5, 1.7 square inches iron; sec- 
ondary resistance (total) 1.18 ohms 


Conclusions 


1. In the past, the application of high- 
speed (one-cycle) differential protection 
to generators has required the closest scru- 
tiny of the current-transformer character- 
istics with respect to the duty imposed. 
This study involved particular attention to 
the effect of the d-c component of asym- 
metrical through faults. In all such cases, 
careful matching of current-transformer 
characteristics was required. 


2. With the new relay, it suffices to look 
carefully only at the a-c characteristics of 
the transformers. The application is thus 
reduced to the simplicity of the older, 
slower-speed, induction-type relay, where a 
consideration of the a-c characteristics of 
the current transformers was generally 
sufficient. 


3. A means of comparing the duty on the 
current transformers has been given through 
the method of calculating the theoretical 
maximum flux density required for the a-c 
component. When the resulting figure 
does not materially exceed the nominal 
saturation value of 70,000 lines per square 
inch, an allowable ratio between the values 
for the two current transformers of 3/1 
provides ample safety factor to guarantee 
satisfactory relay operation. 
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ADIO communication makes use of a 
2% medium common to the whole world 
for the transmission of many signals 
simultaneously. In order to accomplish 
this a high-frequency electromagnetic 
wave has one of its characteristics varied 
in accordance with the instantaneous 
variations of the signal to be transmitted. 
The control of these variations is called 
modulation. The various simultaneous 
messages can then be separated by: 


(a). Differences in the frequency band 
used. 


(6). Differences in signal strength. 


(c). Differences in direction of the source. 


_ The allocation of frequencies and geo- 

_ graphic location to stations engaged in 

_ different services is now a matter of legis- 

_ lation and international agreement. This 

- regulation is necessary in order to reduce 
interference to a minimum. 

The range of a radio station is limited 
solely by the point at which undesired in- 
terference reduces the quality of the re- 
ceived signal below a certain minimum. 
The amount of interference which may be 
tolerated differs with different classes of 
service, for instance, it would be less on a 
broadcast program designed to produce 
pleasure, than on a communication service 
designed to convey intelligence. 

There are five principal sources of inter- 
ference to radio reception. They are: 


(a). Interference from other radio stations. 


(b). Interference from natural electrical 
disturbances such as thunderstorms (static). 


(c). Interference from electrical equipment 
not intended for radio purposes. 


(d). Interference between identical signals 
traveling from the station originating the 
desired signal, but over two different paths. 
Since radio waves are alternating phe- 
nomena resolvable into a band of frequen- 
cies, the addition of two similar signals 
traveling over different paths must take ac- 
count of both magnitude and phase. Dis- 
tortion in the resultant signal may result due 
to the varying phase relations between the 
components with the same frequency in the 
two signals. One of the paths is usually 
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caused by reflection from some medium 
such as the ionosphere. If this path varies 
in length with time, fading will result. 
When this produces distortion the phe- 
nomenon is called selective fading. 

(e). Interference from random noise pro- 
duced in the receiver by fluctuations in the 
motion of the electrons in the early stages of 
the amplifiers. 


The major problems of the radio engi- 
neer are: 


I. To obtain the maximum range at the 
minimum cost. 


II. To secure the desired quality in the re- 
production of signals. 


Because the range is determined by the 
interference, and the quality is greatly 
affected by it, the reduction of interfer- 
ence becomes of paramount importance. 

The reduction of interference must be 
accomplished by making use of some char- 
acteristic which differentiates the desired 
signal to a greater or less extent from the 
undesired interference. Four methods of 
differentiation have been extensively 
used. Each method in turn has its limi- 
tations. These methods and their limita- 
tions are: 


1. Use of high power in the transmitter so 
that the strength of the desired signal will 
dominate the undesired. 

This method is limited by the cost of high 
powered transmitters and by the interfer- 
ence it introduces to other services. Fur- 
thermore it does not affect selective fading 
since both signals (coming over two paths) 
are increased by the same amount. 


2. Increasing the modulation of the radio 
wave to the greatest possible value. 

This method is limited in amplitude 
modulation because it is not possible to vary 


the magnitude of a radio wave by more than 
100 per cent and interfering signals, includ- 
ing static, will in general be modulated by 
similar amounts. 


3. Use of selective circuits in the receiver 
so that only energy in the narrow band of 
frequencies which includes the desired signal 
will be received. 

This method is limited because a definite 
band width is necessary for any given qual- 
ity of reproduction and within this band 
there may be some portion of the energy in 
the spectrum of the interference. 


4. Use of directive antennas at the re- 
ceiver so that it is most sensitive to electro- 
magnetic waves coming from the direction 
of the transmitter creating the desired signal 
and is insensitive to radiations originating 
in other directions. 

This method is limited by the expense of 
directional antennas and by the fact that 
some interference may be originating in the 
same direction as the desired signal. 

It is apparent that the methods just 
mentioned, taken individually or in com- 
bination, do not offer a complete solution 
of the problem. In fact no complete 
solution would appear possible, as the 
ultimate range of any transmission must 
be determined by the tolerable interfer- 
ence. However, any method which offers 
increased possibilities in the differentia- 
tion between desired signal and interfer- 
ence may be used to improve transmis- 
sion. Frequency modulation offers such 
an additional method by which interfer- 
ence may be separated from the desired 
signal and it is the purpose of this paper 
to outline the principles and practices by 
which this may be accomplished. 

The use and study of frequency modu- 
lation is not new. The Poulsen arc, de- 
veloped before 1914, transmitted con- 
tinuous-wave telegraph signals in which 
the frequency was shifted from one value 
to another when the key was depressed. 
Carson! and Roder? made theoretical in- 
vestigations of the effects of frequency 
modulation on the spectrum of the modu- 
lated wave. Carson’s investigation was 
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Figure 2. Wector diagrams of the amplitude- 
modulated wave of figure 1 for successive in- 
stants 


made to analyze the proposal that fre- 
quency modulation could be used to re- 
duce the band width required for a given 
signal. He proved that, on the contrary, 
frequency modulation never reduced the 
band width and might greatly increase it. 
Mathematics provides a correct answer to 
questions which are asked by its means, 
but it cannot be expected to provide an- 
swers to questions which are not asked. 
What was overlooked in the early mathe- 
matical analyses was the fact, later dem- 
onstrated by Armstrong,* and subse- 
quently by Carson‘ and Fry, that fre- 
quency modulation provides an important 
method of distinguishing between desired 
and undesired signals which occupy the 
same portion of the frequency spectrum. 

It will be necessary to go into some de- 
tails of the principles of frequency modu- 
lation in order to show the reasons for this 
effect. 


Modulation 


Modulation of a radio wave is the proc- 
ess by which some characteristic of the 
radio wave is varied in accordance with 
the time variation of a signal, such as the 
instantaneous variations associated with 
speech, music, or the manipulation of a 
telegraph key. A general alternating 
wave may be represented by the equation 


e=A sind (1) 


where @is given by the relation 


0=wt+¢ (1a) 
and so 
e=A sin (wit ¢) (1b) 


(In this discussion the word ‘‘wave’’ will 
be used in one of its accepted meanings to 
denote a repetitive phenomenon.) 

Two groups of modulation methods are 
recognized. 


1, Amplitude modulation where A is varied 
by the signal. 
2. Angular modulation where ¢ is varied 
by the signal. 


(Frequency modulation is a special 
form of angular modulation.) 
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Amplitude Modulation 


In an amplitude-modulated wave the 
amplitude is varied about its mean value 
in proportion to the signal. Let the origi- 
nal signal (such as the sound pressure on 
the microphone) be represented by the 
function f(t). Then the amplitude factor 
A of equation 1b is modified by f() to 
give the amplitude-modulated wave 


e=A[1+f(1)] sin (wt+¢) (2) 


where b is a factor determined by the de- 
sign and operation of the modulating sys- 
tem and has dimensions such that [bf()] 


Y <>) are ENVELOPE OF DESIRED SIGNAL 


(SAME AS FIGURE 1) 
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is a pure numeric. 0 is usually a con- 
stant, but in some cases it is made a func- 
tion of audio frequency. For example, if 
it is made to change with frequency in the 
proper manner compensation may be se- 
cured for defects in the frequency charac- 
teristic of some other part of the system. 

The amplitude variation cannot carry 
the amplitude below zero. Therefore the 
factor b should be so chosen by the oper- 
ator that [1+Ddf(#)] never becomes nega- 
tive. Therefore [®f(£)] should not exceed 
an absolute value of unity. This abso- 
lute value of the maximum of [Dbf(t)] is 
called the amplitude modulation factor and 
is given the notation m,. 

If the signal f(£) is sinusoidal with a fre- 
quency p/27, equation 2 becomes 


e=A(1+mz, sin pt) sin wt (3) 


The curve of equation 3 is illustrated in 
figure 1 for m=0.5 andw/p=10. It will 
be noted that the wave crosses the axis at 
regular time intervals of 27/w seconds for 
both the modulated and unmodulated 
waves. 

In alternating phenomena a single fre- 
quency is represented by the projection 
of a vector of constant length rotat- 
ing with the constant angular velocity 
w=2rf. The wave of equation 2 could also 
be represented by a vector rotating with a 
constant angular velocity w, but the length 
of the vector would be changing at a low 
frequency rate as given by the equation 


Length of vector =A [1+-Of(é)] (4) 


The term A[1+Of(t)] is called the en- 
velope of the wave. In equation 3 the 
envelope would be A[l-+m, sin pt] as is 
illustrated in figure 1. 
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ENVELOPE OF DESIRED 
AND UNDESIRED SIGNAL 


In drawing vectors which represent — 
alternating phenomena it is common prac- 
tice to consider that the observer is 
traveling on a platform which is also ro- 
tating about the same center with a ve- 
locity w. The original vector would then 
appear to be stationary and could be rep- 
resented by a single drawing. How- 
ever, if either the magnitude or the phase | 
of the vector is changing with time, a 
series of successive drawings is necessary 
to illustrate what is happening. 

These successive drawings of stationary 
vectors for the wave of figure 1 are shown 
in figure 2 for time intervals of one-eighth | 
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Figure 3.  Interfer- 
D ence with an amp- 
litude - modulated 
wave of a carrier of 
slightly different 

frequency 


D—Vector of desired signal 
U—Vector of undesired or interfering signal 


R—Resultant vector (D+U) of sum of desired 


and undesired signals 


the period of the low-frequency wave 
producing the modulation. 

At the receiver the detector produces a 
response which is proportional to the en- 
velope of the modulated wave (except for 
the constant component). 


Interference of Two 
Amplitude-Modulated Waves 


If a second amplitude-modulated wave 
of the same carrier frequency and phase is 
added to the wave of figure 1 the resultant 
wave will have an envelope which is the 
sum of the envelopes of the two waves, for 
the vectors will be adding in phase. The 
interfering effect will be noticeable if the 
undesired signal is as much as one per 
cent of the desired signal. Hence it is 
desirable to make the value of m, as large 
as possible, since the operator of a given 
communication system cannot control the 
modulation of the interfering wave with 
the undesired signal. 

If the frequency of the interfering wave 
is slightly different from the desired wave 
(the difference being too small to eliminate 
it by selective circuits) then the interfer- 
ing wave will produce a variation in the 
envelope which variation has an ampli- 
tude equal to the magnitude of the inter- 
fering wave (even if it is unmodulated). 
This additional variation will occur at a 
frequency which is equal to the difference 
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between tie carrier frequencies of the de- 
sired and undesired signals, and will pro- 
duce a squeal which is further superim- 
posed on the resultant envelope. This is 
illustrated by the vector diagrams in 
figure 3, where the undesired signal has a 
frequency which exceeds the frequency of 
the desired signal by 1.5p/2m. It is seen 
that the resultant envelope is modified by 
an additional component equal to the 
magnitude of the undesired wave, and so 
introduces interference proportional to 
the magnitude of the interfering wave. 

Again it is apparent that the amplitude 
of the envelope of the desired signal 
should be kept as large as possible in order 
that the interference may be minimized. 
If equation 2 represents current or volt- 
age, the amplitude of the envelope may be 
increased by increasing either the power 
or the amount of modulation (m,). 


Angular Modulation 


In angular modulation (of which fre- 
quency modulation is a subdivision) the 
angle @ of equation 10 is given by a func- 
tion of time which is related, but not in 
all cases, directly proportional, to the sig- 
nal function f(#). The two principal sub- 
divisions of angular modulation which 


oue-# 


SIGNAL VOLTAGE = E SIN pt 


AXIS <<------------—> 


PHASE MODULATED WAVE= A SIN (wt+Mp SIN pt) 
WHERE Mp=kE=0.5 


TIME 


Figure 4. An angular-modulated wave 


The 1st, 4th, 7th, 10th, and 13th cycles are 
shown in detail in figure 5 


have been extensively studied are phase 
modulation and frequency modulation. 
(a). PHASE MODULATION 


In this type of modulation the phase 
angle ¢ is made to vary in accordance with 
the signal. That is 


o=bif(t) (5) 


where }; is a constant determined by the 
design and operation of the modulating 
system. When equation 5 is inserted in 
equation 1b the wave becomes 


e=A sin [witdif(é)] (6) 


The maximum value of bi f(é) is called the 
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phase modulation factor m, It is the 
maximum number of radians by which the 
phase of the carrier is altered during 
modulation. If the signal is sinusoidal 
with a frequency p/2:, equation 6 becomes 


e=A sin [wt-+mpy sin pt] (7) 


(6). FREQUENCY MopULATION 


In this type of modulation the instan- 
taneous frequency is varied about the 
average value w/2r in proportion to the 
instantaneous value of the signal. By 
definition, the use of the word ‘“‘fre- 
quency” is extended to the general equa- 
tions 1 and 1b by the relation 


dé do 
b)} nat =— = — 
afinst ef Ber (8) 


Since w is a constant (2m times the carrier 
frequency) the signal must modify dd/dt 
so that the instantaneous frequency is 
given by the relation 


fou => +b (t) (9) 


where by is a design and operating con- 
stant. The maximum value of b2f(t) is 
the maximum deviation in instantaneous 
frequency of the modulated wave from 
the unmodulated one and is called the 
frequency modulation factor, or frequency 
deviation, m,. If f(t) is a sine wave with 
a frequency p/27 then 


bof(t) =my sin pt (10) 


If equation 10 is combined with equations 
8 and 9 


d 
2rfinst =o+2rmy sin pt =o 


which gives 


o= J 2xmy sin ptdt= ees cos pt 

to 
where f is the frequency of the modulat- 
ing signal. If this phase angle is inserted 
in equation 10 the result will be 


r 


: my 
e=A sin Bax cos pt 


p 


(11) 


Equations 11 and 7, which apply to a 


Figure 5. [Expan- 
sion of individual 


signal with a single frequency, do not 
differ appreciably (except for a 90-degree 
shift in the modulation phase), In equa- 
tion 11 the maximum shift in phase 
(corresponding to the phase modulation 
factor m,) will be 


(12) 


where my is the frequency deviation and 
f, the modulating audio frequency. The 
value of m, when f, is the maximum audio 
or signal frequency to be transmitted is 
called the deviation ratio. 

m, in phase modulation and my in fre- 
quency modulation are arbitrary design 
factors. Unlike amplitude modulation 
they are not restricted to a maximum 
value of unity, for m, may be hundreds of 
radians or m, thousands of cycles per 
second if desired. The limitations on my 
and m, will be determined by the allow- 
able frequency spectrum and will be dis- 
cussed later. 

The distinction between phase and fre- 
quency modulation is as follows: if the 
frequency, but not the intensity of the 
modulating signal changes , 


Mp is constant in phase modulation. 


my is constant in frequency modulation. 


It follows from equation 12 that in fre- 
quency modulation the phase deviation 
m, is inversely proportional to the modu- 
lating frequency. On the other hand in 
phase modulation the frequency deviation 
is directly proportional to the modulating 
frequency. 

Figure 4 is an illustration of the angular 
modulation as represented by equation 7 
for the case where m,=0.5 and w/p=12. 
On a casual examination this would 
appear to be a single frequency wave. 
However, the intervals at which it crosses 
the axis vary throughout the audio cycle. 
In order to show this the lst, 4th, 7th, 
10th, and 13th cycles are expanded and 
shown in figure 5. It is seen that the 
varying shift in phase also produces a 
change in frequency which varies through- 
out the low-frequency cycle. 
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cycles in figure 4 


A—1st and 13th 
cycles of figure 4 


B—Ath and 10th 
cycles of figure 4 

C—Tth 
figure 4 


cycle of 
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The successive vector diagrams for the 
angular-modulated wave of figure 4 (cor- 
responding to the diagrams of figure 2 for 
an amplitude-modulated wave) are shown 
in figure 6. The signal wave is included 
for identification of the various instants. 

The difference between phase and fre- 
quency modulation may be illustrated by 
the way the motion of the resultant vector 
would appear to an observer riding with 
the carrier vector. In phase modulation, 
two audio signals of equal amplitude, but 
of different frequencies, would produce 
equal angular amplitudes in the apparent 
swing of the resultant vector. In fre- 


quency modulation two audio signals of 


\ | 


Figure 6. Vector diagrams of the angular- 
modulated wave of figure 4 for successive in- 
stants 


Solid-line vectors are vectors of modulated 
wave 
Dashed-line vectors are vectors of unmodu- 
lated wave 


equal amplitude would produce equal 
maximum angular velocities in the appar- 
ent swing of the resultant vector. In this 
latter case (frequency modulation) the 
maximum angle of swing would be in- 
versely proportional to the audio fre- 
quency (as is indicated by equation 12). 
This is illustrated by figure 7 where the 
vectors for both frequency and phase 
modulation are drawn for two signals with 
an audio-frequency ratio of two to one. 
Note that in phase modulation the maxi- 
mum angle ¢,, is the same for both signals 
while for frequency modulation the maxi- 
mum angle ¢,, for signal A (the lower fre- 
quency) is twice that for signal B. Since 
the angular velocity is proportional to the 
instantaneous value of the signal in fre- 
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quency modulation the vector reaches its 
maximum angle of deviation when the 
signal is zero while in phase modulation it 
reaches its maximum angle of deviation 
when the signal is a maximum. 


Other Types of 
Angular Modulation 


Phase and frequency modulation are 
not the only possible types of angular 
modulation, but are only two members of 
an infinite group. Other possible types 
are: 


(c). ANGULAR ACCELERATION 
MOopDvuLAaTION 


In this type of modulation the second 
time derivative of ¢ is directly propor- 
tional to the signal function 


In this type m, would be inversely pro- 
portional to the square of the audio fre- 
quency. 


(d). 
In this general type of angular modula- 

tion the nth derivative of ¢ is directly 

proportional to the signal function. 


NTH ORDER MODULATION 


n 


d 
See ee) 


dt” aoe 


In this type m, would be inversely pro- 
portional to the mth power of the fre- 
quency for modulating signals of equal 
intensity. 

In radio transmission by angular modu- 
lation means are provided at the receiver 
so that the detected signal is proportional 
to the angular modulation (of the par- 
ticular subdivision selected) and at the 
same time this detected signal is made 
unresponsive to amplitude variations. 


Note: @m is same for both signals for phase 
modulation. , is inversely proportional to 
signal frequency for frequency modulation. 
Maximum velocities of vectors are same for 
both signals for frequency modulation 


i Figure 7. Compari- 
if son of phase and 


—_—_——> 
FREQUENCY | ( 
MODULATION! | | frequency modula- 
L 1 i . 
seni ang, -~ tion by means of 
SIGNAL B vector diagrams 
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These means will be discussed in more de- 
tail later. 


Interference of Two 
Angular-Modulated Waves 


When two angular-modulated waves of 
the same carrier frequency are added to- 
gether, the total angular modulation is 
not the sum of the two individual modu- 
lations. This is in distinct contrast to 
amplitude modulation where the resultant 
envelope is the sum of the individual 
envelopes. 

This can be illustrated by figure 8 where 
an angular-modulated wave B is repre- 
sented by a vector whose angle is changing 
with time. This is added to a larger vec- 
tor A which for the moment will be as- 
sumed to be unmodulated. The result- 
ant vector R will be the sum of the two 
vectors, 

It is apparent that if B is less than A, 
then no matter what the total angular 
variation of B may be (even if it is hun- 
dreds of radians) the total angular varia- 
tion between R and A cannot exceed 
tan-! (B/A). For instance if B/A=0.5 
the maximum value of m, for the vector 
R when A is unmodulated is m,=0.46. 
If B/A=0.5 and A in turn has its angle 
modulated, then the difference between 
the angle of A and that of R cannot exceed 
0.46 radian at any instant. If the modu- 
lation factor (m,) of A is made large in 
comparison with 0.46, the interference of 
B becomes negligible, in spite of the fact 
that the magnitude of B is by no means 
negligible in comparison with A. 

This analysis justifies the experimental 
results which show that when two fre- 
quency-modulated signals are picked up 
by a receiver, there is no appreciable in- 
terference between the two signals if the 
stronger exceeds the weaker by a ratio of 
two to one or more. 

It will be seen that the greater the value 
of m, used for the desired signal the 
greater is the discrimination against the 
undesired signal, but this discrimination 
is not affected by the value of m, used in 
the undesired signal. 

The discrimination against interference 
obtained by angular modulation applies 
to all five types of interference enumerated 
in the early part of the paper. In par- 
ticular static may be represented as a vec- 
tor of varying phase and magnitude. 
The selective circuits of the receiver ad- 
mit only those components within the 
band to which it is receptive. If the 
amplitude of the admitted noise does not 
exceed half the amplitude of the desired 
wave, a very small amount of noise will be 
introduced into the output. The greater 
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the average phase deviation in comparison 
_ with the angle 0.46 (approximately 0.5) 


the greater will be the discrimination 
against the noise. It should also be ob- 
served that components of the noise vec- 
tor which differ in frequency from the 
carrier by superaudible frequencies, will 
produce superimposed angular velocities 
above audibility and so do not contribute 
to the noise, as long as the noise is small 
compared with the signal. 

In radio operation it will be found that 
if a portable receiver is driven in an auto- 
mobile away from a frequency-modulated 
transmitting station, no appreciable noise 
will be experienced until the desired field 
strength drops to twice the noise field 
strength (taking into account only those 
components of noise accepted by the selec- 
tive circuits of the receiver). The noise 
then rises rapidly, so that a sharp thresh- 
old is experienced. 

Within the distance limited by the 
threshold, the signal-to-noise ratio can 
be improved by either increasing the 
power or increasing the modulation factor 
(either phase or frequency). Since power 
is proportional to the square of voltage or 
current in a given system, doubling the 
frequency deviation in frequency modu- 
lation has the same effect on the signal-to- 
noise ratio as increasing the transmitted 
power four times. In general an increase 
in the maximum frequency deviation by a 
ratio n would be equivalent in its effect 
on the signal-to-noise ratio to an increase 
in power by the ratio n?. 

The actual voltage produced by noise 
in the amplifier of a radio receiver in- 
creases with the width of the band ac- 
cepted, the rate of increase depending on 
the type of noise. This introduces some 
disadvantage to the use of a wide band, 
because a stronger desired wave is neces- 
sary to insure that the desired voltage 
shall exceed the noise voltage. 

R. F. Guy of the National Broadcasting 
Company reported before the Federal 
Communications Commission that in ex- 
periments with a one-kw transmitter and 
an antenna 1,000 feet high, the threshold 
for a value of m, equal to 75 kilocycles was 
at 86 miles, while with an my, of 15 kilo- 
cycles the threshold was at 100 miles due 
to the smaller noise voltage accepted by a 
more selective receiver. Within the 
threshold distances, however, there is a 
greater discrimination against noise with 
the greater frequency deviation. 
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Figure 8. Vector 
diagrams showing 
interference in angu- 

lar modulation 


A is vector of desired signal—unmodulated 
B is vector of interfering signal (same carrier) 
R is vector of total wave (A+B) 


The second major objection to the use 
of a large frequency deviation is that it 
would limit the number of stations which 
can serve a given area if a fixed total band 
width is allowed for the service. 

A compromise must be reached and 
standard set before the use of frequency 
modulation is generally adopted so that 
the receivers may work with the trans- 


mitters. In order to study the possible 
Mle 
M50 LAS y 
Figure 9. Vector : uty 


diagram of carrier 
and side frequencies 
in an amplitude- Cc 
modulated wave AXiS4 


C—Carrier vector (constant length) 
U—Upper-side-frequency vector 
L—Lower-side-frequency vector 
M—Modulation vector (sum of U and L) 


Vector of ‘complete wave is sum of C and M 


or required allotment, a spectrum analy- 
sis must be made of the different classes 
of modulation. 


Spectrum Analysis of 
Amplitude Modulation 


The wave of equation 2 may be ex- 
panded by the use of simple trigonometric 
identities. This equation becomes 


A 
e=A sin ot" cos (w—p)t— 


ms cos (w+p)t (14) 

Equation 14 shows that the wave which 
is amplitude modulated by a single fre- 
quency may be analyzed into three com- 
ponent frequencies with the following 
designations: 


A sin wt The carrier 


" cos (w—,)t The lower side frequency 


“ cos (w+p)t The upper side frequency 


The three components may be repre- 
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sented by three vectors rotating at differ- 
ent angular velocities. Again if the ob- 
server were rotating with the carrier vec- 
tor, this vector would appear to be sta- 
tionary. The upper side-frequency vec- 
tor would appear to be rotating counter- 
clockwise at a velocity p and the lower side 
frequency would appear to be rotating 
clockwise at the same velocity p. 

The three vectors corresponding to the 
wave of figure 1 are shown in figure 9. 
It will be observed that the upper and 
lower side-band vectors add together to 
form a vector M called the modulation 
vector, which is always in phase with the 
carrier vector, but which varies in magni- 
tude. 

The three component frequencies of 
equation 6 are represented graphically in 
figure 10. This is shown primarily so 
that it may be compared later with the 


ENVELOPE SAME AS FIGURE | 


frequency spectrum used in frequency 
modulation. 

If the original signal were a complicated 
sound wave instead of a single frequency, 
a spectrum analysis would show it to be 
represented by a band of frequencies. 
The lower and upper side frequencies 
would expand into two bands of frequen- 
cies each as wide as the band of the origi- 
nal audio signal. For instance if the sig- 
nal were restricted to a band of 0—-5,000 
cycles the two side bands would extend 
from 5,000 cycles below to 5,000 cycles 
above the carrier frequency. Since the 
quality of a signal depends upon the width 
of the band which may be transmitted, an 
improvement in the quality of transmis- 
sion would require an extension of the fre- 
quency spectrum occupied by the radio 
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wave. However, the narrower the fre- 
quency band which is used the greater 
will be the number of stations which can 
be accommodated. In practice a com- 
promise must be made. Standard broad- 
casting stations in North America are as- 
signed carrier frequencies in the range of 
550 to 1,600 kilocycles, these assignments 
being separated at intervals of 10 kilo- 
cycles. In order to prevent interference, 
selective circuits are required in the re- 
ceiver which are so sharp in most com- 
mercial models that side-band compo- 
nents more than 3,000 cycles away from 
the carrier are greatly attenuated. Hence 
the quality which is permissible in prac- 
tical operation is limited by the major 
problem of interference. 


Spectrum Analysis 
of Angular Modulation 


The angular-modulated wave of equa- 
tion 7 may be expanded by the use of the 
identities 


sin (p sin x) =2[Ji(p) sin x+-J3(p) sin 3x-+- 
Js(p) sin 5x+....] (15a) 


cos (p sin x) = Jo(p) +2[J2(p) cos2x+Ji(p) X 
cos 4x-+Je6(p) cos 6x-+...] (15b) 


where J,(p) is the nth order Bessel func- 
tion of the first kind. Equation 7 may be 
written 


e=A [sin wt cos (mp sin pt) + cos wt X 


sin (m, sin pt)] (16) 


If equations 15a and 15d are inserted in 
equation 16 the following result will be 
obtained 


e=A{ Jo(my) sin wt + 
Ji(mp)[ sin (w+p)t— sin (w—p)t]+ 
Jo(my) (sin (w+2p)t+ sin (w—2p)t]+ 
J3(mp) [sin (w+8p)t— sin (w—3p)t]+ 
JIs(mp) [sin (w+4p)t-+ sin (w—4p)t]+ 


Jn(mp) [sin (o+-np)t-+ 
(—1)"sin (w— np)t]}+ 


This indicates that there are an infinite 
number of side frequencies for a single- 
frequency signal. However this is not as 
bad as might at first appear because for 
any given value of m,, there will be a 
value of 2 above which the coefficients 
J,(my) fall off rapidly and become negli- 
gible. This is shown in figure 11. For 
example if m, is one-half radian or less, 
only the first pair of side frequencies is 
important. On the other hand if m, is 
equal to 20 radians, side frequencies out 
to the 24th pair would be appreciable. 
For large values of n this rapid falling off 
of J,(m,) occurs just beyond n = m,. 
Observe also that the value of the carrier 
component is always reduced when 
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modulation occurs since Jo(m,) is less 
than one for all values of m, different 
from zero. This is in contrast with am- 
plitude modulation where the value of the 
carrier is not affected by modulation. 
Figure 4 was drawn for a phase-modu- 
lation factor of 0.5 and so the first pair of 
side bands are the only ones of importance. 
If all other side bands are neglected 
the vector diagrams including the side 
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Figure 11. Values of the Bessel function of 
the first kind for integral orders 


bands for different instants of figure 4 can 
beshown asin figure 12. Thesignal wave 
is shown for identification. The carrier 
and resultant vectors are the same as 
those shown in figure 6. The modulation 
vector, which is the sum of the two side- 
band vectors, is always 90 degrees out of 
phase with the carrier and varies in mag- 
nitude in the same way that the modula- 
tion vector varies in amplitude modula- 
tion. The neglect of higher-order side 
frequencies is the same as an assumption 
that there is a negligible difference be- 
tween the arc and a tangent line of the 
same length when the angle is small. 

When the modulation vector is added 
to the carrier vector it causes the resultant 
vector alternately to advance beyond and 
retard behind the carrier vector. The 
maximum advance and retardation is ap- 
proximately one-half radian. The length 
of the resultant vector is substantially 
constant. If the additional side bands 
were included the length of R would be 
exactly constant. 

If the phase modulation exceeds one- 
half a radian additional side bands must 
be included because the arc and chord are 
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no longer substantially the same. The 
addition of the vectors corresponding to 
these side bands is illustrated in figure 13 — 
for m,=1 and for one-quarter of an 
audio cycle, the other three-quarters being 
similar. It will be noticed that each pair 
of side bands has associated with it a 
modulation vector which maintains a con- 
stant phase with respect to carrier (as- 
suming that phase reversals are taken care 
of by negative signs). 

If the modulated wave represents a 
quantity whose square is proportional to 
power in a given system the average power 
in an angular-modulated ‘wave is not 
changed by the modulation, as the rms 
value of the wave is not modified if the 
amplitude remains constant. Therefore 
the square root of the sum of the squares 
of the carrier and all the side-band com- 
ponents remains constant for all values of 
My. The side-band power is obtained by 
a reduction in carrier power. This is also 
proved by the well-known relation 


ie 


Jc2(my) +2 >> In?(my) =1 

n=1 
for all values of m,. The number of 
terms which are of importance in the in- 
finite series can be evaluated by setting 


n=8 
Io?(x) +2 >> In?(my) =r 

hs | 
Then if \ is taken as some value less than 
unity, the sum can terminate with a finite 
value of m equal to s. If A is equal to 
0.999 then 99.9 per cent of the energy in 
the wave would be due to side-band com- 
ponents corresponding to values of n 
equal to or less than s. 

For example, if m, = 4 and six com- 

ponents are taken in each side band 


n=6 


Jo?(my) +2 >> Tn?(my) =0.157688-+ 


n=1 


2 (0.004356 +0.132569 +0.185072 + 
0.079017 +-0.017450+-0.002411) 
= 0.999438 


and all the components corresponding to 
n>6 would contain only 0.0562 per cent 
of the energy. 

The constancy of power output is in 
marked contrast to amplitude modulation 
where the carrier power remains constant 
and the side-band power is added. For 
that reason certain problems in design are 
simplified in a phase- or frequency-modu- 
lated transmitter. This will be discussed 
in the section on transmitters. 


Comparison of the Spectra of Phase 
and Frequency Modulation 


In phase modulation the value of m, is 
made directly proportional to the maxi- 
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mum value of the signal. 


If two different 
audio frequencies have equal amplitudes, 
and modulate the signal in succession, the 
same number of side-band components 
would be necessary for each case and 
these components would have the same 


relative magnitude. It has been shown 
that the advantage of angular modulation 
in the reduction of interference requires 
the use of large values of m, for the de- 
sired signal. If the value of m, for a 
special case is taken equal to 20, then by 
figure 11] it is apparent that approximately 
24 side-band components would be desir- 
able for the upper side band and a similar 
number for the lower side band. There- 
fore if an audio signal of high quality con- 
taining components up to 15,000 cycles 
were to be transmitted, a band width of 
approximately 2X24X15,000 or 720,- 
000 cycles would be required. This is 
obviously impracticable. For this reason 
phase modulation (as distinguished from 
frequency modulation) has not been used 
for radio transmission. 

In frequency modulation the value of 
m, is made directly proportional to the 
maximum value of the signal. If two 
different audio frequencies have equal 
amplitudes and modulate the signal in 
succession with equal values of my,, by 
equation 12 the values of m, for the two 
cases will be inversely proportional to the 
audiofrequency. Thusif m,is equal to 4 
for 15,000 cycles it would be equal to 40 
for 1,500 cycles and equal to 400 for 150 
cycles. A study of figure 11 shows that 
the number of components of appreciable 
magnitude in each side band is slightly in 
excess of m,. Therefore as the modulat- 
ing frequency is reduced, the number of 
components necessary increases, and the 
modulated wave occupies almost a con- 
stant band widthin the spectrum. Asan 
example consider a case where the maxi- 
mum frequency deviation is assumed to be 
60,000 cycles. Then if a high quality sig- 
nal is to be transmitted, frequency com- 
ponents in this signal up to 15,000 cycles 
might be desired. If the wave were fre- 
quency modulated with a 60,000 cycle 
deviation (m,;=60,000) at 15,000 cycles 
m, would equal 60,000/15,000=4 radians. 
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For this case figure 11 shows that approxi- 
mately six components in each side band 
separated at intervals of 15,000 cycles are 
desirable and the corresponding band 
width would be 2X6X15,000 or 180,000 
cycles. On the other hand if the wave 
were to be frequency modulated with a 
60,000 cycle deviation by a 3,000 cycle 
wave m,=60,000/3,000=20 and approxi- 
mately 24 components in each side band 
separated at intervals of 3,000 cycles would 
be desirable. The band width for this 
signal would be 2X24 X3,000= 144,000 
cycles which is somewhat less than that 
needed for m,=4 at 15,000 cycles. Table 
I is constructed for a maximum deviation 
of 60,000 cycles. 

The spectrum analysis for a deviation 
of 60 kilocycles and modulating frequen- 
cies of 2,500, 5,000, 10,000, and 15,000 
cycles is shown in figure 14 and it is ap- 
parent that the signal is contained within 
a band width of approximately 200 kilo- 
cycles in all cases. In practice, no audio 
signal would contain only the higher audio 
frequencies and so it is found practicable 
to use a deviation of m, of 75,000 cycles 
for a band width of 200 kilocycles. 

The spectrum analyses for a modulat- 
ing frequency of 15,000 cycles and devia- 
tion frequencies of 30, 15, 7.5, and 3.0 
kilocycles are shown in figure 15. 

It is apparent from figures 14 and 15 
that when the deviation frequency is large 
compared with the audio frequency, the 
band width required is approximately 


C—Carrier vector 
U—Upper-side-frequency vector 
l—Lower-side-frequency vector } First pair 
M—Modulation vector (U+L) only 
R—Resultant vector (C+M) 
uUMu mv 

M=O>, ‘ 

Figure 12. Vector ce alc Alc 
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and side frequencies 
in an angular-modu- 
lated wave for low 
values of modula- 
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twice the deviation frequency while when 
the audio frequency is large compared 
with the deviation frequency the band 
width is twice the audio frequency. The 
latter case coincides with the situation in 
amplitude modulation. In other words 
the band width required is approximately 
twice the larger of the two frequencies 
(audio or deviation). If the audio and 
deviation frequencies are approximately 
equal the band width required is approxi- 
mately four times that of the larger fre- 
quency. (See figure 15 for m,=0.5, 1, 
and 2.) 

The spectra of figures 14 and 15 may be 
used for any other combinations of audio 
and deviation frequencies which have the 
same deviation ratio m, by modifying the 
scale of abscissa so that the interval be- 
tween adjacent components is equal to 
the audio frequency. 

The reader must be cautioned that if a 
signal contains two or more audio fre- 
quencies, the resultant spectra cannot be 
obtained by adding the spectra resulting 
from each audio frequency alone (as can 
be done in amplitude modulation). 
However, the total spectra will remain 
approximately within the limits set by the 
maximum frequency deviation when the 
latter is large. 

Although the discrimination against 
noise is proportional to m,, it is imprac- 
ticable to use large values of m, at all 
audio frequencies because of the band 
width involved. However, noise and in- 
terference is the composite result of a 
larger number of noise components. If 
frequency modulation is employed, the 
maximum value of m, is obtained for each 
audio component in the signal which will 
at the same time keep the side-band com- 
ponents within the limits in the spectrum 
assigned to the transmission. Therefore 
frequency modulation is the type of 
angular modulation which reduces the 
composite noise effect to the greatest 
practicable extent. 

If the maximum modulation factor my 
(deviation ratio) is low, m, less than 0.5, 
frequency modulation does not appear to 
have any advantages over amplitude 
modulation. The early proposals for the 
use of frequency modulation envisioned 
this method of operation and so were dis- 
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carded after the analyses of Carson! and 
Roder.? 


Practical Considerations in 
Frequency Modulation 


It has been shown that the reduction of 
interference makes frequency-modulated 
transmitters most desirable for the trans- 
mission of high-quality signals. How- 
ever these transmitters require relatively 
large frequency bands. Therefore fre- 
quency modulation, or F-M, does not ap- 
pear to be feasible in the present broad- 
cast band. For high-quality broadcast- 
ing they should be allocated to high fre- 
quencies where band widths of 200 kilo- 
cycles are available. The Federal Com- 
munications Commission has assigned the 
frequencies from 42 to 50 megacycles for 
this service or a total of 40 channels. 
This is in the range of the so-called ultra- 
high frequencies. 

Radio waves with frequencies of the 
order of 40 megacycles and above are not 
reflected from the ionosphere, and so their 
range is limited by the curvature of the 
earth. For the same reason static is 
greatly reduced at these frequencies be- 
cause the energy which lies in the ultra- 
high-frequency spectrum and which is 
originated by electrical disturbances at 
distant points on the earth’s surface can- 
not travel to the receiver over long dis- 
tances. Other factors also reduce static 
at high frequencies. As an average, the 
static voltage producing interference in a 
receiver with a given band width and 
tuned to 40 megacycles is about 1/49 of the 
static voltage which would be picked up 
by a receiver of the same band width 
tuned to 1,000 kilocycles. It is also pos- 
sible to transmit a wide-band audio signal 
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which requires corresponding wide side 
bands at ultrahigh frequencies because 
for practical reasons it is not desirable to 
assign carrier frequencies as close together 
as in the standard broadcast band and so 
sufficient band width is available for high- 
quality transmission. Therefore ultra- 
high frequencies inherently offer an im- 
provement in quality whether amplitude 
or frequency modulation is used. 

However, there are three important 
difficulties with ultrahigh-frequency 
transmission for broadcasting purposes. 
The first difficulty is the effect of the 
curvature of the earth on ultrahigh fre- 
quencies. Because there is no reflection 
from the ionosphere, it is frequently 
stated that the limit of transmission for 
these frequencies is the distance from the 
transmitting antenna to the horizon. 
The equation for this distance is 


d=1.22./H (18) 


where 


d is the distance to the horizon in miles 
H is the height of the transmitting antenna 
in feet 


For a height of 400 feet the distance to the 
horizon would be only 24.4 miles. 

Within this distance the field strength 
of the signal is given approximately by 
the equation® 


p= 0.0105. WGHA F 


= (19) 


where 


E=field strength in microvolts per meter 

W =power in watts 

G=gain of the antenna over a half-wave 
dipole 

A =receiver antenna height in feet 

F=frequency in megacycles 

D=distance in miles 
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The formula and the statement that the 
transmission is limited to the horizon are 
not strictly true because it is found that 
diffraction and refraction of the waves 
produce a signal’ beyond the horizon, but 
this signal falls off more rapidly than the 
inverse-distance-squared term of equation 
19. 
The second difficulty with ultrahigh- 
frequency transmission is the noise pro- 
duced locally by electrical apparatus. 
The principal sources of this noise are 
automobile ignition and fever therapy 
machines. These sources might be elimi- 
nated in time by legislation requiring ade- 
quate shielding. 

A third difficulty with ultrahigh-fre- 
quency transmission is the sharp shadows 
thrown by buildings, hills, ete. Sharp 
shadows are produced in the field of any 
wave motion when the interfering bodies 
have dimensions large in comparison with 
the wave length, and so are particularly 
apparent at ultrahigh frequencies (short 
wave lengths). 

Because of these difficulties the trans- 
mission of amplitude-modulated waves at 
ultrahigh frequencies has not made very 
much progress for broadcast transmission. 
However, these difficulties are only as- 
pects of the fundamental problem pointed 
out at the beginning of the paper, that 
radio transmission is limited by the ratio 
of interference to signal. It has been 
shown that frequency modulation offers 
an important improvement in the solution 
of this problem. By its means the signal- 
to-noise ratio at any fixed distance may be 
increased. It seems probable an increase 
in transmission range may be secured by 
frequency modulation due to the greater 
signal-to-noise ratio and this may make 
economically feasible the use of ultrahigh 
frequencies for broadcasting purposes. 

In field tests, adequate signals for the 
operation of an F-M receiver at two to 
three times the horizon distance are regu- 
larly reported when the transmitter is a 
high-powered one. 

The wide band width which is required 
for frequency modulation is compensated 


Figure 13. Vector diagram of carrier and two 
pairs of side frequencies in an angular-modu- 
lated wave where mp =1 

U,—First upper side band vector 
Li—First lower-side-band vector 
M,—First modulation vector (U;+L,) 
U;—Second upper-side-band vector 
L.—Second lower-side-band vector 
M.—Second modulation vector (Us+L,) 
C—Carrier vector 


R—Resultant vector 
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for by the reduction in interference be- 
tween two stations on the same channel. 
In amplitude modulation, interference is 
caused if an undesired signal is one per 
cent of the desired signal. It has been 
shown that in F-M a ratio of two to one 
between desired and undesired signals is 
sufficient. If two stations of equal power 
and located in neighboring cities should 
operate on the same channel, there would 
be only a small territory about half way 
between the two stations where there 
would be any interference. Even in this 
territory, relatively simple directional 
antennas would be sufficient to pick out 
one station or the other. Therefore 
numerous stations could be located 
throughout the nation on the same carrier 
frequencies. 

I. R. Weir, of the General Electric Com- 
pany reported before the Federal Com- 
munications Commission that in their 
experiments they used a 150-watt trans- 
mitter at Albany and a 50-watt transmit- 
ter at Schenectady, a distance of 14.5 
miles. They operated both transmitters 
on the same frequency with both fre- 
quency and amplitude modulation. In 
driving a car equipped with a receiver 
along a line between the two stations the 
following results were obtained: 


Interfer- Interfer- 
ence-Free Transitional ence-Free 
Type of Range of Distance Range of 
Modu- Albany With Schenectady 
lation Station Interference Station 
Frequency...10.5.......-- DO cctre eee sic 3.0 
Amplitude... 3.3........ (Wey A Ne aE 3 


A further advantage of frequency 
modulation in the operation of the trans- 
mitter and receiver is that nonlinear dis- 
tortion in frequency modulation is not 
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Figure 14 (left). Spectrum analysis of 


frequency modulation for a constant devia- 
tion and variable modulating frequencies 


Figure 15. Spectrum analysis of frequency 

modulation for a constant modulation fre- 

quency and variable deviation frequency. 
(Signal is for phase modulation) 


affected by the nonlinearity of the tubes, 
as their nonlinearity is a function of am- 
plitude. In F-M nonlinear distortion de- 
pends only on circuit design, that is, on 
nonlinear relations which are a function 
of frequency. For that reason it is 
claimed that high-quality reproduction is 
more practicable. 


Frequency-Modulation Receivers 


In the discussion of F-M receivers and 
transmitters, a certain familiarity with 
communication theory must be assumed 
in order to conserve space. The discus- 
sion will deal with present commercial 
practice. 

Frequency-modulated receivers differ 
from amplitude-modulation receivers in 
three important respects. They are: 


(a). The inclusion of a limiter to remove 
any amplitude modulation resulting from an 
interfering signal. 


(b). The use of a special detector circuit 
called the discriminator to change the fre- 
quency modulation into a variable-ampli- 
tude signal. 

(c). The use of a wide-band intermediate 
amplifier. 


In addition it is much more important 
in a frequency-modulation receiver to 
have a high-gain intermediate-frequency 
amplifier, because the operation of the 
limiter is dependent upon a certain mini- 
mum signal being applied to its input. 


Everitt—Frequency Modulation 


MAXIMUM DEVIATION = 7.5 KC 
AUDIO FREQUENCY = 15,000 
CYCLES PER SECOND 
Mp=0.5 


MAXIMUM. DEVIATION= 
3.0 KC 


AUDIO FREQUENCY= 
15,000 CYCLES PER 
SECOND 


Mp=0.2 


Fo +100 KC fo-15KC fo Fot ISKC 
Also, if advantage is to be taken of the 
high-quality transmission which is possi- 
ble with F-M, a _better-than-average 
audio system and loud speaker should be 
included. 

Except for these differences, the F-M 
receiver will follow the practice of ampli- 
tude-modulated receivers. The use of 
superheterodyne receivers is universal. 

If a tuned-radio-frequency amplifier has 
impressed upon its grid a high-frequency 
voltage exceeding a certain minimum am- 
plitude, the radio-frequency current in the 
tuned plate circuit will be practically in- 
dependent of the magnitude of the input. 
This is because after the radio-frequency 
component of voltage in the plate circuit 
has reached an amplitude equal to the d-c 
component of the plate voltage no further 
increase in the radio-frequency compo- 
nent can be obtained for the instantaneous 
value of plate voltage cannot be driven 
negative. By the use of a high-gain tube 
and low values of plate voltage, saturation 
at relatively low values of grid excitation 
may be obtained. Figure 16 shows the 
circuit and the limiting action for a typi- 
cal commercial F-M receiver. The opera- 
tion of the limiter is the same as that of a 
class C amplifier’ and the use of a bias 
obtained by a resistance in the grid circuit 
assists in securing a flat curve. 

The use of a limiter is necessary because 
any amplitude modulation which reaches 
the detector will also produce amplitude 
variations in the reproduced signal. The 
use of the limiter or tts equivalent at the re- 
ceiver 1s the most important component in 
an F-M system, for no reduction in inter- 
ference will occur without its operation. 
The limiter is possible in frequency modu- 
lation because the saturation does not 
affect the instantaneous frequency of the 
output. 

The elimination of hum due to the use 
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of a-c supplies in receivers has also been a 
problem for many years. The principal 
source of this hum is amplitude modula- 
tion produced in the receiver by the hum 
component of the rectified d-c plate sup- 
ply and by the heating of the cathodes by 
alternating current. If this occurs in the 
early stages of the receiver it is amplified 
along with the signal. While this hum 
level is reasonably well controlled in 
modern receivers, the limiter in a fre- 
‘quency-modulated receiver provides an 
additional improvement. This is par- 
ticularly important because the elimina- 
tion of other sources of interference makes 
the reduction of hum to an extremely low 
level much more desirable. 

Because the audio amplifier and loud- 
speaker must reproduce the amplitude 
variations of the original signal, the dis- 
criminator or detector circuit must change 
the frequency variations into amplitude 
variations. The most common discrimi- 
nator circuit in use is that of figure 17. 
“The tuned transformer L;—L, has a split 
‘secondary feeding two diode plates with 
the resistance loads R; and Ry. The volt- 
‘age Hs will be 90 degrees out of phase with 
‘the voltage across Le at the resonant fre- 
quency of I,—C,, The radio frequency 
across diode 1 in series with resistance R, 
is represented by the vector E,=F,+ EF; 
‘while that across diode 2 in series with re- 
sistance R, is H,=E.+E;. When the 
‘output of the discriminator is at the inter- 
mediate frequency the phase relations will 
be those shown in diagram A. However, 
when: the frequency shifts, the voltage 
across Lz, (fi—F,), shifts in phase. It 
can be shown that this voltage will follow 
the. locus indicated by the circles. Hence 
Hand. H, change in magnitude, one de- 
ereasing and the other increasing. By 
detector theory® the instantaneous value 
of the voltage across R; is proportional to 
E, while that across R; is proportional to 
Ey. Therefore the instantaneous voltage 
E, supplied to the audio amplifier changes, 
Increases in frequency make FE, positive 
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and decreases make it negative. 

The relation between the frequency 
deviation and the instantaneous value of 
FE, is also shown in figure 17 for a typical 
receiver. The circuit constants must be 
selected so that the straight-line portion 
of the characteristic will accommodate 
the frequency shift which is used at the 
transmitter. The linearity of this char- 
acteristic affects the nonlinear distortion 
in the reproduced signal. It should be 
observed that its linearity is not a func- 
tion of the tube characteristic. This 
makes it apparent that it is necessary to 
adopt standards at both receiver and 
transmitter which will be co-ordinated. 

After a hearing before the Federal 
Communications Commission where all 
the problems were thoroughly discussed, 
the band width of 200 kilocycles per chan- 
nel was adopted as standard. The allo- 
cation of channels adjacent to each other 
in the range of 42 to 50 megacycles simpli- 
fies the problem of receiver design, since 
no band-switching equipment will be re- 
quired. 

Because the intermediate amplifier 
must amplify a wider band of frequencies 
than is necessary in amplitude modulation 
a higher intermediate frequency is used. 
The present standard adopted is 4.3 
megacycles for the intermediate carrier 
frequency. 

A system which uses negative-frequency 
feedback in the receiver’ has been pro- 
posed. It accomplishes similar results to 
those obtained by the use of the limiter, 
but as it is not at present available com- 
mercially, it will not be discussed here, 
although additional advantages are 
claimed for it. 

Receivers are being manufactured 
which receive both amplitude and fre- 
quency modulation. In these combined 
receivers separate intermediate frequency 
transformers and detectors must be used. 
This makes the combination receiver 
somewhat more complicated, but com- 
plicated circuits have never been a bar to 
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commercial production. This is exempli- _ 
fied by superheterodyne receivers retail- 
ing for $10 which have more extensive 
circuits than $200 sets of 15 years ago. 


Frequency-Modulation Transmitters 


Two important and quite different 
methods of obtaining frequency modula- 
tion are in use at the present time. A 
third method has also been announced. 

The method proposed by Armstrong? 
makes use of the fact that for low values 
of my (my less than 0.5) the fundamental 
difference between amplitude and phase 
modulation lies in the phase relation be- 
tween the carrier and side-band vectors. 
This is illustrated by a comparison of 
figures 9 and 12. Balanced modulators 
have been extensively used® in carrier- 
current systems to obtain the two side 
bands of amplitude modulation and elimi- 
nate the carrier. In the Armstrong sys- 
tem the carrier output of the oscillator is 
shifted 90 degrees and then used in a bal- 
anced modulator to obtain side-band com- 
ponents corresponding to amplitude 
modulation with this carrier phase. The 
output is then added back to a carrier 
component with the phase of the oscil- 
lator to form a phase modulation system. 
The maximum allowable modulation fac- 
tor m, produced with these components is 
0.5 since only one pair of side frequencies 
is available. 

A block diagram showing the Arm- 
strong system is shown in figure 18. The 
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Figure 17. Characteristics and circuit of a fre- 
quency discriminator 
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Figure 18. Block diagram of Armstrong fre- 
quency-modulated transmitter 


several components required will be dis- 
cussed in turn. 

This method is fundamentally a phase- 
modulation system, but it may be con- 
verted into a frequency-modulationsystem 
if an audio equalizer is used before the 
_ modulation. The required characteristic 
of this equalizer is that the output voltage 

must be inversely proportional to the 
audio frequency of the input voltage. 
_ With this equalizer in the audio system 
_ the phase modulation will be inversely 
proportional to the audio frequency of the 
original signal. It has been shown that 
this is the requirement for frequency 
modulation and so the combination pro- 
duces true frequency modulation. 

It has been explained that with this 
system m, is limited to a maximum value 
of 0.5, in the original modulation. On ac- 
count of the characteristic of F-M which 
has been discussed, this maximum value 
of m, can only be secured at the lowest 
audio frequency to be transmitted. The 
value of m, at higher frequencies will be 
inversely proportional to the audio fre- 
quency. Then if a range from 40 to 15,- 
000 cycles is to be transmitted the maxi- 
mum value of m, at 15,000 cycles will be 
40/15,000 X0.5= 0.0013. 

Such a method of obtaining frequency 
modulation, if used alone, would be en- 
tirely impractical since operation would 
be restricted to such low values of m, and 
the advantages of frequency modulation 
lie in the use of large values. 

If a radio-frequency amplifier has a 
large grid bias and relatively large radio- 
frequency voltage applied to its grid, the 
plate current will flow in pulses® contain- 
ing harmonics of the grid exciting voltage. 
If the plate circuit is tuned to a harmonic 
of the grid voltage, the voltage across the 
tuned circuit will have a high value at this 
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harmonic. For efficient operation this 
harmonic should be a low one, say the 
second or third. When tuned to a second 
harmonic the combination is called a fre- 
quency doubler. 

It has been found that a frequency 
doubler also doubles the phase or fre- 
quency shift if an angular modulated wave 
is applied to the grid, and therefore dou- 
bles the value of m, and also m, for such a 
wave, A series of 2 doublers would mul- 
tiply m, by 2”. 

If the method of obtaining frequency 
modulation now being discussed is oper- 
ated with a relatively low carrier fre- 
quency and the output is passed through 
a sequence of doublers or triplers, the 
value of m, can be correspondingly in- 
creased. It has been shown that if a 
deviation of 75,000 cycles is desired, the 
value of m, at an audio frequency of 15,- 
000 cycles would be 75,000/15,000=5. 
It has also been shown that for the wide 
audio range of 40-15,000 cycles the np 
which can be initially produced by the 
Armstrong method at an audio frequency 
of 15,000 cycles is 0.0013. Therefore the 
amount of multiplication of m, required 
is approximately 5/.0013=3,750. The 
number of doublers required is then ob- 
tained by the solution of the equation 


i= 3100 
or 
w=12 nearly 


If a final carrier frequency of 41 mega- 
cycles is to be used and straight multipli- 
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cation were to be employed, the carrier 
frequency at which the initial modulation 
should take place would be determined by 
the frequency multiplication required. 
In this case 


Initial carrier frequency = 
Final carrier frequency 41,000,000 
Multiplication of doublers — 238 
= 10,000 
cycles per second 


It is not possible to modulate a 10,000- 
cycle carrier by an audio frequency of 
15,000 cycles, since the audio frequency 
must be less than the carrier frequency. 
Therefore some modification of the sys- 
tem must be made. The modification 
adopted is to perform the modulation at 
an initial carrier frequency of the order of 
200 kilocycles and pass it through a first 
group of say six doublers. The carrier 
frequency has then been multiplied 2° 
times and has reached a value of 12.8 
megacycles. If now a final carrier fre- 
quency of 41 megacycles is desired, the 
12.8 megacycle signal is combined with 
the output of a second crystal oscillator 
whose frequency is selected so that a beat 
note of 41/2° or 0.6406 megacycle is ob- 
tained. This does not affect m,. The 
640.6-kilocycle wave is then passed 
through a second group of six doublers to 
obtain the final 41-megacycle output. 
Since the initial frequency-modulated 
wave has now passed through 12 dou- 
blers, the multiplication of 2!* or 4,096 has 
been obtained. 

The output of the second group of dou- 
blers is then amplified up to the final power 
required, 

While this circuit seems complicated, 
it should be remembered that these opera- 
tions can be performed at low power and 
with receiving-type tubes. The cost is 
not prohibitive for a transmitter station, 
since the investment in other equipment 
would be much greater. 

The second method of frequency modu- 
lation operates in a distinctly different 
manner. If the capacity of a capacitor 
could be varied at an audio rate, and if 
this capacitor were included in the tuned 
circuit of an oscillator, it is apparent that 
the output would be frequency modu- 
lated. 

The fundamental characteristic of a re- 
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actance is that the current flowing into 
the two terminals is 90 degrees out of 
phase with the voltage applied across 
these terminals. This same effect can be 
secured with a tube circuit. The method 
is illustrated in figure 19. The resistance 
R, is made small in comparison with the 
reactance of C;. Then the alternating 
voltage between the control grid and 
cathode is substantially 90 degrees out of 
phase with the voltage impressed across 
the terminals a-b. But the plate current 
which flows in the tube is determined 
largely by the grid voltage. The choke 
L; provides a large impedance to alternat- 
ing current so that the a-c component of 
the plate current will flow in the terminals 
a-b. The current which flows into the 
terminals a-b will be 90 degrees out of 
phase with the voltage across it because 
of the grid control and the circuit appears 
like a reactance at these terminals. 

The magnitude of the reactance is a 
function of the amplification constant of 
the tube. Ina variable-mu tube the am- 
plification constant may be controlled by 
the voltage on the grid. Therefore if an 
audio voltage is also impressed on the 
control grid of the tube the effective re- 
actance may be varied at an audio rate. 

The terminals a-b are connected in 
parallel with the tuned circuit L2—(C, of a 
conventional oscillator whose output fre- 
quency is determined by the resonance of 
that circuit. With this combination a 
variation in the audio voltage on the grid 
of the reactance tube will produce a fre- 
quency-modulated wave in the output 
circuit of the oscillator L4— C4. 

The circuit of figure 19 does not have 
the inherent stability of the system of fig- 
ure 18 because the carrier frequency or 
frequency for zero modulation is not crys- 
tal controlled. Stability equivalent to 
crystal control is necessary in modern 
radio operation. In order to secure crys- 
tal control a more elaborate system is 
necessary. This is illustrated by the 
block diagram of figure 20. 

The oscillator and reactance circuit are 
similar to those of figure 19. The oscil- 
lator usually operates at some submultiple 
of the desired frequency, say one-fourth or 
one-sixth. A frequency multiplier is used 
before the operation of the final power 
amplifier, as is standard practice at ultra- 
high frequencies. A sample of the output 
is brought back into a frequency converter 
where it is mixed with the output of a 
crystal oscillator for comparison purposes. 
The resultant beat note is then passed 
through a frequency discriminator of the 
same general type as used in receivers and 
illustrated in figure 17. If the final out- 
put changes frequency, the beat fre- 
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quency passing into the discriminator 
will change. This change is used to pro- 
duce a direct voltage in the discriminator 
which in turn is applied to the reactance 
tube to provide a correction on the fre- 
quency drift which has occurred. 

This method of increasing stability has 
a marked similarity to the use of inverse 
feedback in audio amplifiers to increase 
their stability. 

A delay or filter must be introduced in 
the frequency feedback circuit so that it is 
unresponsive to the variations in fre- 
quency produced by the audio modula- 
tion, but will make corrections for the 
long period drifts associated with oscil- 
lators which are not crystal controlled. 

The two methods of frequency modu- 
lation transmitters each have their pro- 
ponents. The Armstrong method is 
claimed to be more stable because the car- 
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Figure 20: Block diagram of a reactance- 
tube-controlled frequency-modulated trans- 
mitter with crystal stabilization 


rier frequency is directly controlled by the 
two crystals. The reactance tube method 
is simpler and would seem particularly 
applicable to low powers and portable 
equipment. It is too soon in terms of 
practical operation to be sure which will 
find the most general application. 

The operation of the final amplifiers in 
both systems is essentially simpler than is 
the case in amplitude modulation, since 
attention need not be paid to the linearity 
of input-output amplitude curves. 

In amplitude modulation the final high- 
power stage presents certain difficulties in 
operation. A transmitter normally re- 
quires? either a high-power audio amplifier 
with an output about 75 per cent of the 
rated carrier power to perform the modu- 
lation, or else the final stage must be oper- 
ated at half its maximum efficiency. 
This is because in amplitude modulation 
the power output must be increased dur- 
ing modulation by an amount equal to the 
side-band power (50 per cent of the carrier 
power for m=1.0). The increase in 
power must be supplied by either an 
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audio amplifier or by an increase in the 
efficiency of the output stage during the 
audio cycle. An increase in efficiency can 
only be obtained if the efficiency in the 
absence of modulation is limited to half 
its maximum possible value. Both of 
these expedients increase the cost of high- 
power stations materially. Since the am- 
plitude and power output of an F-M 
transmitter are constant during modula- 
tion, the final stage can operate at its 
maximum efficiency at all times even 
though the original modulation is per- 
formed at a low power level where only 
receiving-type tubes are required. 

The question is frequently raised 
whether the wide band which must be 
transmitted for F-M does not introduce 
difficulties in the tuned circuits. How- 
ever, it should be remembered that the 
selectivity of any tuned circuits is given in 
terms of frequency ratio rather than abso- 
lute band width. A 200-kilocycle band 
width at 40 megacycles is only one-half 
of one per cent of the carrier frequency, 
while the 10-kilocycle band width used in 
standard broadcasting at 1,000 kilocycles 
is one per cent of the carrier frequency. 
Therefore no difficulties are introduced 
in the transmitter by the required abso- 
lute width of the band when the carrier 
frequency is high. 


Application of Frequency 
Modulation to Services 
Other Than Broadcasting 


Frequency modulation seems to have 
inherent advantages for other services 
than broadcasting. Important among 
these are its application to police and air- 
way communication. The sharp limita- 
tion of the range obtained with F-M is an 
advantage and it would appear that many 
more police transmitters covering specific 
areas could be used without interference. 
In airway service some of the most im- 
portant contacts are needed during severe 
electrical storms and F-M could make an 
important contribution in this field. 

F-M would also appear to have ad- 
vantages for military purposes where 
limited ranges are desired and interfer- 
ence is a particularly severe problem. 

In police, airway, and military com- 
munication, high-quality reproduction is 
not necessary and so a more limited band 
would serve the purpose. 

F-M has also been proposed for longer- 
distance communication by the use of re- 
lay or repeater stations spaced at inter- 
vals determined by the range of the trans- 
mitters. By the use of directional an- 
tennas this range can be increased. Pre- 
vious proposals to use relay stations for 
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broadcast-station interconnection have 
not met with favor because of the limited 
range and additional interference which 
they would cause, but it appears that a 
large part of this objection is eliminated 
when F-M is used. 


It is also possible to multiplex other 
services on F-M transmission, such as 
facsimile, transmitting this service along 
with a sound signal, but with a reduction 
in the signal-to-noise ratio. Another 
suggestion has been to transmit two sound 
signals to obtain binaural reproduction. 
The possibilities of these uses have been 
only partially explored. 


Conclusion 


It would appear that frequency modu- 
lation is capable of producing a marked 
change in broadcasting within the next 
few years. It is very doubtful if it will 
eliminate the use of the standard broad- 
cast frequencies, as they are still capable 
of covering larger distances when (and 
only when) a transmitter is given exclu- 
sive use of a channel. It seems probable 
that many local stations designed to 
cover a limited area will be transferred to 
F-M operation, and the number of cleared 
channels increased so as to take better 
advantage of the limited band of standard 
broadcast frequencies available. The 
development in these lines must eventu- 
ally respond to the laws of economics and 
engineering. 


Bibliography 


1. NoTEs on THEORY OF MopuLaTION, J. R. Car- 
son. IRE Proceedings, volume 10, February 1922, 
page 57. 


2. AMPLITUDE, PHASE, AND FREQUENCY Mopu- 
cation, H. Roder. IRE Proceedings, volume 19, 
December 1931, page 2145. 


3. A MesrtTHop oF REDUCING DISTURBANCES IN 
Rapio SIGNALING BY A SYSTEM OF FREQUENCY 
MoputatTion, E. H. Armstrong. IRE Proceedings, 
volume 24, May 1936, page 689. 


4. VARIABLE FREQUENCY ELECTRICAL CIRCUIT 
TuHeEory, WITH APPLICATION TO THE THEORY OF 
FREQUENCY Mopu tation, J. R. Carson and T. C. 
Fry. Bell System Technical Journal, volume 16, 
October 1937, page 516. 


5. ComMMUNICATION ENGINEERING (a book), W. L. 
Everitt. McGraw-Hill Book Company, 1937. 


6. Uttrra-HiGH-FREQUENCY PROPAGATION FoR- 
muLas, H. O. Peterson. RCA Review, volume 4, 
October 1939, page 163. 


7. GrRounD WaAvE FIELD INTENSITY OVER A 
FINITELY CONDUCTING SPHERICAL EARTH; A 
THEORY OF TROPOSPHERIC WAVE PROPAGATION; 
SUMMARY OF STATEMENTS ON ULTRA-HIGH-FRE- 
QUENCY WAVE PropacatTion, K. A. Norton. Re- 
ports before the Federal Communications Commis- 
sion, April 1940. 


8. THE APPLICATION OF NEGATIVE FEEDBACK TO 
FREQUENCY-MopDULATION SYSTEMS, J. G. Chaffee. 
Bell System Technical Journal, volume 18, July 
1939, page 404. 


NovEMBER 1940, Vov. 59 


Low-Voltage D-C 


Measurements on 


Electrical Insulating Oils 


J AETONGLEY, 


NONMEMBER AIEE 


Te development work and experi- 
mental results presented herein have 
been a part of a co-operative project of 
the Utilities Co-ordinated Research, Inc. 
(Association of Edison Illuminating Com- 
panies) and the Massachusetts Institute 
of Technology. The purpose of this joint 
research project is the investigation of the 
mechanism of the deterioration of elec- 
trical insulating oils and the development 
of methods and apparatus for the study 
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Variation of conductance with 
time at high gradients 


Figure 1. 


of this deterioration, with special refer- 
ence to its influence on the electrical 
characteristics. It was for this reason 
that it was desirable to investigate the 
conductance of electrical insulating oils 
and methods of determining the con- 
ductance of such oils. 


General Considerations 


In the usual conductance test for 
electrical insulating oils! the conductance 
is measured by means of a galvanometer 
used as an ammeter. A cell with a 
guarded electrode is used and from 500 
to 1,500 volts potential difference is 
applied across the cell giving a potential 
gradient of from 200 to 1,200 volts per 
millimeter. The conductance (or re- 
sistance) is computed from the current 
reading one minute after the voltage is 
applied. As has been shown, principally 
by Whitehead,’ this value is entirely 
empirical and often does not represent 
either the initial or the final conductivity 
of the oil. Using an amplifier-oscillo- 
graph and potential gradients of 500, 
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1,000, and 1,500 volts per millimeter 
Whitehead was able to measure the 
change of conductance with time from 
about 0.001 second after the application 
of voltage. The general type of the 
curve thus obtained for oils of low con- 
ductance is shown in figure 1. 

Region A in figure 1 represents a brief 
initial decaying conductance indicating 
a phenomenon similar to dielectric ab- 
sorption in solids. It has been suggested 
that it is due to the orientation of large 
polarized particles. Region B_ repre- 
sents the true d-c conductance which is 
supposed to be due entirely to ions. It 
is this region which is of one to ten 
seconds duration in which we are most 
interested. Region C represents the time 
during which the ions are swept out of the 
space between the electrodes and space 
charges built up in the spaces near the 
electrodes. The empirical nature of the 
one-minute conductance value is easily 
understood since it falls in this region. 
Region D represents the long-time con- 
ductance after the ‘‘clean up” of the oil 
by the current which may take a period 
of hours to reach a constant value. 

It was desired to find some more prac- 
ticable and easier method than the ampli- 
fier-oscillograph arrangement by which to 
measure the true d-c conductance of 
region B. It was thought that the 
velocities of the ions could be reduced by 
reducing the potential gradient between 
the electrodes so that the true d-c con- 
ductance of region B would be extended 
from ten seconds duration to perhaps ten 
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Figure 2. Oil-meas- 
uring cell 


1—Low electrode 
2, 3—Filling arms 
4—High electrode 
5—Electrode stem 
6—Tapped stem 
7—Guard electrode 
8—Shielding tube 
9,10, 11—Insulators 
12—Clamps 
13—Pyrex spacer 


minutes duration. If, for example, the 
potential gradient were reduced from the 
customary 1,000 volts per millimeter to 
10 volts per millimeter the duration of 
the true d-c conductance would be ex- 
tended from ten seconds to more than 
ten minutes. 


Measuring Cell 


It was further desirable to be able to 
make measurements of the d-c conduct- 
ance using the same low-capacitance cell 
(approximately ten micromicrofarads ca- 
pacitance) used in this laboratory for 
power-factor measurements. By doing 
this, both a-c and d-c measurements 
could be made on the same oil sample 
under identical conditions of cleaning 
and filling. This cell is shown in figure 2. 
It is a three-terminal cell which is so 
constructed that it may be completely 
taken apart for purposes of cleaning. 
The cell used in the work herein reported 
was made of stainless steel with nickel 
arms for filling. The cell was cleaned 
by three washings in technical benzene 
and then dried for one hour at 100 
degrees centigrade with a continuous 
stream of nitrogen passing through, 
and finally cooled in a desiccator. 


Bridge 


Using a General Radio type 544 meg- 
ohm bridge upon which various altera- 
tions had been made so as to increase its 
range and to allow it to operate at low 
bridge voltages, it was shown that this 
type of an arrangement was practicable 
for use with bridge voltages of from one 
to ten volts. With various desirable 
improvements in mind a new bridge was 
designed and built specifically for the 
purpose of making conductance measure- 
ments. This bridge has the same essen- 
tial circuit as the General Radio megohm 
bridge and is shown diagrammatically in 
figure 3. It consists of a high-resistance 
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Wheatstone bridge with a vacuum-tube 
amplifier and sensitive galvanometer as 
adetector. Band N are high-ratio arms, 
B with a maximum resistance of a meg- 
ohm and N with a maximum of 1,000 
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GALVANOMETER 


megohms. The arm A is a decade re- 
sistance unit ranging from 0 to 10,000 
ohms in 0.1-ohm steps. The measuring 
cell is placed in arm P, the measuring 
electrode being connected to the high 
terminal by a shielded lead. The shield 
of this lead together with the guard ring 
is connected to the guard terminal which 
is grounded. The entire assembly is 
mounted on an aluminum panel and 
placed in a shielded case, which is also 
grounded. All switches in the actual 
bridge circuit are made of low-loss yellow 
bakelite and connections where perfect 
insulation is essential are air-insulated 
bus wires. 

The switching arrangement of the 
bridge is controlled by the switch indi- 
cated as S. This is a four-pole double- 
throw switch with the points bent so as 
to make contacts in the off position as 


SWITCH POSITIONS 


1. =—=—CHECK 
2.) OPERATE 
3)” = CHARGE 


BRIDGE VOLTAGE 


CHARGE 


BRIDGE VOLTAGE 
GUARD 


OPERATE 


GUARD 


BRIDGE VOLTAGE 


CHECK 


Figure 3. Bridge diagram 
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Figure 4. Specific conductance versus time 


indicated by connections between the 
switch terminals. The usual off position 
then becomes the “‘operate’’ position of 
the bridge. The other two positions 
are indicated as “‘check” and “charge” 
positions. The ‘check’ circuit allows 
the zero of the detector to be checked and 
adjusted, at the same time removing the 
bridge voltage from the measuring arm 
P. The “charge” circuit also allows the 
zero of the detector to be checked while 
leaving the bridge voltage across the 
measuring arm P so that measurements 
may be made from time to time with a 
continuous application of voltage to the 
measuring cell. This arrangement allows 
the time-decay of conductance to be 
measured from one to two minutes after 
the application of voltage, that time being 
necessary for the detector circuit and 
galvanometer to attain a steady state. 
The 0.01, 0.1, and 1 megohm standards 
are accurate to 0.1 per cent and by con- 
necting the proper open switch terminals 
of arm N to the low terminal of arm P it 
was possible to calibrate the 1,000, 100, 
and 10-megohm resistors to better than 
0.3 per cent. The sensitivity of the 
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Specific Conductances of a Dewaxed Midcontinent Oil at Various Stages of 


Oxidation 
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Values—x X 104; T=65 degrees centigrade. 


detector is such that in measuring a re- 
sistance of the order of 10'4 ohms the 
error is less than five per cent with about 
five volts applied. The detector sensi- 
tivity limits the value to which the 
bridge voltage may be reduced; this 
value also depending upon the resistance 
value of the oil-filled cell being measured. 
By the use of a more sensitive detector 
arrangement the accuracy of the bridge 
can be increased and the bridge voltage 
further reduced. It is obvious that the 
uses of this bridge are not limited to 
conductance measurements, but that it 
may also be used to measure almost any 
type of a high resistance up to 10! ohms. 


Guard Circuit 


In this bridge the necessity for a con- 
ventional shield circuit is circumvented 
by the use of arms A and B as a shield 
circuit. The error in this method is 
negligible when measuring oils of low 
conductance and high resistance. How- 
ever, as the value of the resistance be- 
tween the guard ring and the low electrode 
of the cell decreases to approach the value 
of the resistance in arm B, the effective 
value of B will be accordingly affected. 
Since the resistance between the guard 
ring and the low electrode acts as a shunt 
around arm B, it is necessary in order to 
keep the error in arm B to less than 0.1 


Figure 5. Logarithm 
of specific conduct- 
ance versus (voltage 

time) 
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per cent that the value of this shunting 
resistance should be 1,000 times B or 
about 1,000 megohms. The resistance 
between the guard ring and the measur- 
ing electrode, which shunts around the 
detector, does not affect the accuracy of 
the bridge but may affect the sensitivity 
of the detector. Since the cell used in 
this work (figure 2) is so designed that 
the respective resistances between the 
guard ring and the measuring electrode 
and the guard ring and the low electrode 
are approximately the same as the re- 
sistance between the measuring and low 
electrodes, this guard circuit is quite 
satisfactory, and has the advantage of 
allowing measurements to be made 
rapidly. If it were desired it would be 
a comparatively simple matter to install 
a conventional shield circuit in the bridge. 


Experimental Results 


Two methods were chosen to show the 
value of low-voltage d-c measurements on 
electrical insulating oils. First, the 
change of d-c conductance with time was 
measured at various voltages and sec- 
ond, d-c measurements were compared 
with a-c measurements on the same oil 
sample. Through an inspection of these 
data, a few examples of which are pre- 
sented here, a definite idea was obtained 
of the value of this type of a measurement. 


Figure 4 shows the specific d-c con- 
ductances plotted against time for a 
heavy, dewaxed, solvent-refined, mid- 
continent oil? with bridge voltages of 20, 
200, and 500 volts. It will be noted 
that with 20 volts per millimeter gradient 
(the cell spacing being 1.04 millimeters), 
a constant conductance was observed 
for a period of 15 minutes, while in the 
case of the higher potentials of 200 and 
500 volts the conductance decreased 
rapidly with time from the initial two- 
minute reading. It is believed that 
these curves are thus an excellent con- 
firmation of the theory expressed above, 
namely, that by reducing the potential 
gradient in the oil the velocity of the ions 
would be so reduced that the constant 
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conductance of region B in figure 1 would 
exist for a much longer period of time. 
This interpretation of these curves. would 
lead us to conclude that low-voltage 
measurements of this type do measure the 
true d-c conductance of electrical in- 
sulating oils. 

Figure 5 shows a plot of the logarithm 
of the specific d-c conductance (x) of the 
same oil against the product of voltage 
(V) and time (#). For all three voltages 
the points fall along the same curve, 
showing that the conductance change 
depends upon the quantity of electricity 
passed through the oil. If we assume 
that this decrease in conductivity is due 
entirely to the discharge of ions at the 
electrodes, we can, by the use of certain 
other assumptions calculate the mobilities 
of the ions involved from the slope 
(d log, «/d(Vt)) of a curve such as shown 
in figure 5. For this oil mobilities 
varying from 8xX10-" to 3X10% 
em? sec™! volt~! were thus obtained. 
These mobilities are of a reasonable 
order of magnitude, and these investi- 
gations are being continued. 

Using the power-factor bridge’ which 
has been developed in this laboratory, 
power-factor measurements were made 
on the same oil samples on which d-c 
measurements were made. By the use 
of the formula 


«=0.556 X 10714 tan 6C/Co 


where 6 is the loss angle, C and Cy are 
the capacitances of the cell with oil and 
air respectively as dielectrics, and v is 
the frequency in cycles per second at 
which the measurement is being made, 
specific a-c conductances were computed 
for purposes of comparison with d-c 
values. Table I gives the specific con- 
ductances of a low-viscosity distillation 
cut of a midcontinent crude® at various 
stages of oxidation at 65 (+1) degrees 
centigrade. On inspection of these data it 
will be seen that there is, in general, good 
agreement between the d-c and a-c values, 
the average deviation from the mean 
being about five per cent. The deviations 
were thought to be due largely to fluctua- 
tions in temperature, and these fluctua- 
tions will be reduced in subsequent work. 
However, it is considered that these 
data do definitely show that the a-c 
losses are, in the case of this oil, wholly 
due to the same type of a loss which gives 
a d-c conductance and which is generally 
considered to be the result of ionic con- 
ductance. This type of a comparison is 
now being made on other oils that are 
being investigated in this laboratory. 
Since by this type of a comparison, low- 
voltage d-c measurements do account for 
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HIS paper describes a rapid automatic 

recording a-c bridge for continuously 
recording the power factor and capaci- 
tance during life runs or short-time tests 
on cables, capacitors, and insulating ma- 
terials at a frequency of 60 cycles per 
second. 


During the manufacture of electrical 
insulating structures and also during 
such extreme variations in conditions as 
occur on accelerated life tests, changes 
occur in the dielectric power factor and 
in the capacitance which are not fully 
reversible. A full record of such changes 
may be expected to contribute toward an 
understanding of the factors leading to 
failure under operating conditions. Data 
of this type in the past, generally were 
obtained manually, plotting point-by- 
point measurements made on a manual 
bridge. It is often desirable to obtain 
records of rapid changes which occur 
faster than can be recorded by this 
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method. The automatic bridge described 
here rapidly records any change in the 
test specimen and is capable of operation 
24 hours a day without attention. A 
photograph of the complete equipment 
is shown in figure 1. 

A block diagram of the equipment is 
shown in figure 2. Referring to this 
diagram, a Schering bridge is used to 
measure capacitance and power factor. 
The voltage across the detector diagonal 
of the bridge, indicating bridge unbalance, 
is amplified and impressed upon circuits 
sensitive to components of the unbalance 
voltage produced by capacitance change 
and power-factor change respectively in 
the test specimen. These phase-sensitive 
circuits, called “phase selectors,’’ control 
two thyratron circuits which supply 
power to two motors. The motors are 
coupled to adjustable circuit elements in 
the arms of the Schering bridge so that 
the unbalance voltage is reduced to zero 
and the motors are de-energized. Thus, 
the bridge is automatically balanced for 
the new values of capacitance and power 
factor which the test specimen has as- 
sumed. The time required for this opera- 
tion is about one second. To prevent 
motor travel beyond the balance point 
because of the inertia of the motor arma- 


all of the a-c losses it may again be con- 
cluded that the low-voltage measure- 
ments herein described do measure the 
true d-c conductances of electrical in- 
sulating oils. 


Summary 


1. Apparatus has been developed which is 
suitable for the measurement at low voliages 
of the d-c conductances of electrical in- 
sulating oils. 


2. The change of d-c conductance with 
time of a highly refined oil has been found to 
substantiate the theory that low-voltage 
methods do measure the true d-c con- 
ductance of electrical insulating oils. 


3. The change in the conductance of this 
oil is shown to be a function of VXt, V 
being the applied voltage, and ¢ the length 
of time of application. 


4, D-c measurements have been compared 
with a-c measurements on a low-viscosity 
oil and low-voltage d-c measurements have 
been shown to account for all of the a-c loss 
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in the oil thereby again leading to the con- 
clusion that the low-voltage methods de- 
veloped in this paper do measure the true 
d-c conductance of electrical insulating oils. 
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Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement” to ELzc- 
TRICAL ENGINEERING. 
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an antihunting feature is built into the 


The new positions assumed by the cir- 


cuit elements are indicated on the capaci- 
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Figure 1. Rapid-recording a-c bridge 


tance and the power-factor recorders, 
the pens of which are electrically coupled 
to, and move in unison with, the shafts 
of the bridge-circuit elements. The 
scales are marked directly in capacitance 
increase and in power factor. The re- 
cording Schering bridge consists of the 
following units: 


Schering bridge 
Voltage amplifier 


. 


Phase selectors 
Thyratron circuits and motors 


Antihunting circuits 


er 


Recorders 


The following is a brief discussion of the 
circuits and the principle of operation of 
each unit. 


Schering Bridge 


The Schering bridge is the conventional 
one shown in figure 3. A fixed resistor 
R, is shunted by an adjustable capacitor, 
and connected in series with a high- 
voltage standard capacitor, %. Rs is a 
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Figure 2. Block 
diagram of complete 
automatic bridge 


AC SUPPLY | SCHERING 
BRIDGE 


manually adjustable resistor in series 
with the specimen capacitor. Power- 
factor balance is obtained by setting the 
adjustable capacitor for balance. Capaci- 
tance change in the specimen is measured 
by adjusting a tap on a slide-wire resistor 
shunting the Rs resistor until bridge 
balance is obtained. Guard circuit po- 
tential is adjusted by setting the resistor 
F to the point which allows push button 
B to be operated with no change in the 
“capacitance change’ balance. 

A choice of several fixed resistance 
values at Ry and a manually-operated 
step capacitor in parallel with the ad- 
justable capacitor provide a means for 
selecting a power-factor range suited to 
the specimen tested. Range widths on 
the present bridge are 0.01, 0.02, and 0.05 
tangent loss angle, which is approxi- 
mately equal to the power factor or the 
sine of the loss angle. By use of the step 
capacitor, tangent loss angle as large as 
0.3 may be measured, in which case the 
range covered by the recorder chart will 
be 0.25 to 0.30 tangent loss angle. Ca- 
pacitance changes for full chart width 
deflection are 2!/2, 10, 25, and 100 per 
cent. When used with a 100-micro- 
microfarad standard capacitor, capaci- 
tances from 50 to 10,000 micromicro- 
farads can be measured. Larger capaci- 
tances may be measured with the aid of 
external shunts. A photograph of the 
motor-operated Schering bridge unit is 
shown in figure 4. 

It is possible to test several specimens 
in succession by providing an adjustable 


Ac 
SUPPLY 


Figure 3. Circuit 
diagram of Schering 
bridge unit 
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RECORDERS 


THYRATRON 


PHASE 
SELECTOR CIRCUIT 


AMPLIFIER 


PHASE 
SELECTOR 


THYRATRON 
CIRCUIT 


resistor in series with each and a time 
switch for connecting the slide wire at 
Rs successively to each. 


Voltage Amplifier 


The function of the amplifier is to 
increase the feeble unbalance signal 
appearing at the output of the bridge 
when unbalance occurs, so that sufficient 
voltage is available to operate the phase- 
selector circuits. With a few exceptions, 
it is a conventional three-stage amplifier 
with resistance and capacitance inter- 
stage coupling and transformer input, as 
shown in figure 5. A photograph of the 
amplifier and phase-selector unit is shown 
in figure 6. 

For proper operation of the phase- 
selective circuits which follow the ampli- 
fier, the phase shift in the amplifier must 
be either zero or an integral multiple of 
90 degrees and the output voltage must 
be relatively free from harmonics. Con- 
trol of both is obtained by the insertion 
of resistance-capacitance attenuators 
R,C between stages. The need for these 
effects is explained later. 

Series resistances are inserted in the 
leads to the grids of the second and third 
stages to minimize parasitic phase shifts. 
To minimize changes in amplifier per- 
formance produced by changes in tube 
characteristics if the tubes overload, all 
plate load resistances are chosen low. 
Amplifier sensitivity is controlled manu- 
ally by potentiometer resistors in the 
grids of the first two stages. 
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Phase Selectors 


The function of the phase selectors is 
to separate the voltage components of 
bridge unbalance produced by capaci- 
tance and power-factor changes in the 
test specimen. The amplified bridge un- 
balance voltage is simultaneously applied 
to both phase selectors, but a capacitance 
unbalance causes one phase selector to 
function while a power-factor unbalance 
actuates the other. If both quantities 
change in the test specimen, both respond. 
The amplifier and both phase selectors 
are mounted on one panel as shown in 
figure 6. For purposes of clarity, only 
one has been shown in the circuit diagram 
in figure 7. 

The phase selector operates by com- 
paring the phase and magnitude of the 
amplified bridge unbalance voltage ap- 
plied to T, with the phase of a reference 
voltage Ep which is the a-c supply voltage 
used for the Schering bridge. For this 
reason, it is important to control the 
phase shift in the amplifier as noted be- 
fore, 

Assume that a change has taken place 
such that the signal to the grid trans- 
former T is in phase with the reference 
voltage Ez which is applied to the plates. 
Under this condition, for a given signal 
voltage the phase selector gives its great- 
est output. For the instantaneous polari- 
ties of plate and grid voltage indicated in 
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Figure 5. 


Figure 4 


bridge; 


the diagram, tube 1 passes current during 
the half cycle that this condition is main- 
tained. During the next half cycle, tube 
2 passes current. Thus, a pulsating 
direct current passes through the com- 
mon load resistor Rj, producing an 
average direct voltage across the output 
terminals leading to the thyratron cir- 
cuit, the magnitude of which is propor- 
tional to the magnitude of the input 
signal to T. If the signal voltage is 180 
degrees reversed, tubes 3 and 4 pass 
current through R:, producing a voltage 
of opposite average d-c polarity across 
the output terminals. However, if the 
signal is in quadrature with the reference 


Figure 6. Rapid- 
recording a-c bridge; 
amplifier and phase- 
selector unit 
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Circuit 
diagram of amplifier 
unit 


(left). 
Rapid-recording a-c 

Schering 
bridge unit 


voltage, all tubes pass current during a 
portion of the cycle and the average 
direct voltage across the output terminals 
is zero. Under this condition, the other 
phase-selector circuit is actuated. The 
phase selector not described is identical 
except a 90-degree phase-shifting network 
is inserted ahead of the signal input trans- 
former T. 

The phase selector is not affected imme-_ 
diately by harmonics of the applied volt- 
age, but it is necessary partially to filter 
out the harmonics present in the bridge 
unbalance voltage to avoid overloading 
the amplifier with these harmonic volt- 
ages, thereby decreasing the response 
to the fundamental bridge unbalance 
voltage. 


Thyratron Circuits and Motors 


The function of the thyratron circuits 
is to supply power to the balancing motors 
at a rate dependent upon the magnitude 
of the d-c output of the phase selectors. 
Both thyratron circuits are contained on 
one panel shown in the photograph in 
figure 8. The motors are mounted on 
the Schering bridge panel shown in figure 
4. 

A diagram of one of the thyratron 
circuits is shown in figure 9. The motor 
is series wound with a divided field wind- 
ing, each field winding being connected in 
the plate circuit of a thyratron tube. 
The grid bias and plate-supply voltages, 
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é, and e, respectively, are obtained from 

the 60-cycle a-c power supply. With 

d-c excitation on the grids, the tube with 

a positive grid fires or starts to pass cur- 

rent during each positive half cycle of 

the a-c supply voltage onits plate. This 
current persists until the end of the half 
cycle. If the d-c grid excitation changes 
polarity, the other tube fires, sending 
current through the other field winding 
and causing the motor to reverse direc- 
tion. Speed of rotation is controlled as 
follows. For a high value of d-c grid 
excitation, the tube passes current during 
the full half cycle. For low excitation, 
the current impulse is shorter because 
the tube fires later in the half cycle. 

Hence, the average current through the 

_ motor becomes less and the motor runs 
more slowly. 

. The operation of the thyratron tube 
in this circuit can be explained as follows. 
The capacitor C, in the grid-bias trans- 
former 7, produces a constant phase 
shift in the alternating bias voltage e, 
which lags the plate voltage e, by about 
90 degrees as shown in figure 10. Under 
this condition, the grid is at no time 
sufficiently positive to cause the tube to 
fire. With a slight positive d-c grid 
excitation superimposed upon the a-c 
bias, e, is raised high enough to cause 
the tube to fire during the latter part of 
the positive half cycle of e,. With in- 
creased d-c excitation, e, is raised still 
higher so that the lowest point in this 
curve becomes sufficiently positive to 


bridge; 


8. Rapid-recording a-c 
thyratron unit 


Figure 
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Figure 7. Circuit 
diagram of phase- 
selector unit 


THYRATRON 
CIRCUIT 


cause the tube to fire, and the tube 
passes current for the full half cycle. 
Thus, regulated control of motor speed, 
depending upon the magnitude of the 
grid excitation voltage, is obtained. 


Antihunting Circuit 


The function of this circuit is to prevent 
hunting produced when the inertia of the 
motor and associated rotating parts 
cause the motor to follow through or 
overshoot the correct position when the 
bridge balance is reached, thereby un- 
balancing the bridge in the reverse di- 
rection and setting up an oscillating 
condition. 

A resistor R; and capacitor C; shown 
in figure 9 are inserted in the signal input 
lead to the thyratron circuit. These 
build up a temporary d-c potential in 
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Figure 9. Circuit diagram of thyratron unit 


series with the signal voltage and oppo- 
site in polarity, This reduces the effec- 
tive voltage at the thyratron grids and 
causes it to drop to zero slightly before 
the bridge has actually reached balance. 
The motor, by virtue of its inertia, then 
tends to coast to the proper position. 
Should the motor not stop at the correct 
position, the antihunting voltage quickly 
drops to zero, the signal voltage again 
takes effect, and the motor receives an 
additional impulse which finishes the 
balancing operation. 


Recorders 


The function of the two recorders is 
to follow the position of the capacitance 
and power-factor balancing elements in 
the Schering bridge, thereby recording 
the capacitance and power factor of the 
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test specimen as a function of time. 

Each recorder has a separately excited 
ratio-type instrument movement excited 
from the a-c supply line through a re- 
sistance potentiometer mechanically 
coupled to the shaft of the balancing 
element in the bridge. The line voltage 
can vary as much as 20 per cent without 
affecting the indication. Chart speeds of 
one inch per minute and one inch per 
hour are provided. 

Switches for changing bridge range, 
giving an alarm, or discontinuing the 
test may be located on the balancing 
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eg 


Figure 10. Grid and plate voltage relation- 
ship, thyratron unit 


elements to handle specimen changes 
larger than anticipated. 


Summary 


A power-factor and capacitance bridge 
capable of unattended recording has been 
described. Changes in the specimen may 
be fully recorded within one second of 
their occurrence. 

The bridge may be used in connection 
with life tests, during treating processes, 
and for recording tests on large numbers 
of nominally identical structures, in the 
process of production. 

The automatic control circuits de- 
scribed in this paper are not limited only 
to application to the Schering bridge, but 
may be used for automatic balancing of 
practically any other type of a-c bridge 
as well. 
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Effect of Load Factor on Operation of 


Power Transformers by Temperature 


V. M. MONTSINGER 


FELLOW AIEE 


Synopsis: The practice of loading trans- 
formers by temperature is growing among 
operators who desire to take advantage of 
the additional capacity offered by this 
method of loading. The standards now 
recognize continuous overloads in cool 
ambients and short-time overloads under 
recurrent and emergency conditions. 

The paper discusses the effects of different 
shapes of system load factors on the aging 
of the insulation. Then the ones that re- 
sult in the greatest amount of aging are used 
for determining the permissible peak loads 
that can be carried safely with the same 
deterioration of its insulation as results from 
continuous operation at rated kilovolt- 
amperes. 

A rational method of calculating the hot- 
spot temperature is shown by means of 
examples using a general average ‘‘time 
constant”. The hot-spot temperature curve 
is then integrated to compare the aging with 
a given constant temperature. 

From these results it is concluded that a 
normal power transformer can be overloaded 
3 per cent for each 10 per cent that the 
system load factor is below 100 per cent. 
That is, for a 50 per cent load factor the 
permissible peak load is 15 per cent over the 
transformer rating in a standard ambient. 
For low ambients where 1 per cent overload 
for each degree that the ambient is below 
80 degrees is now permitted, the permissible 
peak loads will vary depending on ambient 
and on load factor. By combining the 3 
per cent rule for load factor and 1 per cent 
rule for ambient, proposed loading curves 
are shown for different load factors and 
different ambients. 


EVERAL papers have been writ- 
ten!:35 on the operation of trans- 
formers by temperature during the past 
several years. Asa result of these activi- 
ties, the American Standards Association 
sectional committee on transformers, 
C-57 has published ‘‘Guides for Operation 
of Transformers’’ as an appendix to the 
proposed American standards for trans- 
formers, regulators, and reactors. 
These guides give permissible overloads 
under the following conditions: (1) con- 
tinuous overloads in cool ambients, (2) 


Paper 40-96, recommended by the AIEE committee 
on electrical machinery and standards co-ordinating 
committee number 4, and presented at the AIEE 
summer convention, Swampscott, Mass., June 24— 
28, 1940. Manuscript submitted April 4, 1940; 
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short-time overloads under recurrent 
conditions, and (3) short-time overloads 
under emergency conditions. These 
short-time overloads apply to transform- 
ers irrespective of the system load factors, 
and are limited to a few hours duration. 

There are conditions under which the 
maximum load may last for times longer 
than those permitted for the overloads 
given in the guides, and where it is safe 
to carry some overload. It is primarily 
for this condition that this paper is pre- 
sented. 


Load Factor—Definition 


The ASA definition for load factor 
(35.10.125) is as follows: 


“Load factor is the ratio of the average load 
over a designated period to the peak load 
occurring in that period’’. 


The ASA definition of peak load 
(35.10.135) is: 


“Peak load is the maximum load consumed 
or produced by a unit or group of units in a 
stated period of time. It may be the maxi- 
mum instantaneous load or the maximum 
average load over a designated interval of 
time’’. 

“Note: Maximum average load is ordinarily 
used. In commercial transactions involving 
peak load (peak power) it is taken as the 
average load (power) during a time interval 
of specified duration occurring within a 
given period of time, that time interval being 
selected during which the average power is 
greatest’’. 


Load factor as used in this paper refers 
to the load on the transformer bank under 
consideration. It is to be noted that load 
factor as so defined is to be distinguished 
from the ratio of the average load to the 
transformer rating, as this latter ratio is, 
by ASA definition, ‘‘capacity factor’’. 

Very few power transformers operate 
at 100 per cent load factor, the majority 
of load factors being in the order of 50 to 
70 per cent. 

There are in general three types of 
loads, industrial, residential, and com- 
bined industrial and residential, all of 
which generally have load factors well 
below 100 per cent. Figures 1, 2, and 3 
are good illustrations of such loads. 
These load factors are 51.5 per cent, 
55 per cent, and 60.5 per cent respectively, 
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based on peak loads of one-half hour, in- 
stead of on the extreme peaks. 


Effect of Load Factor on 
Permissible Output 


It is, of course, obvious that a trans- 
former operating under low-load-factor 
conditions can carry some overload under 
peak load conditions with the same degree 
of aging of its insulation as one carrying 
rated load continuously. The problem is 
to determine the amount of overload that 
will give the same aging, for different load 
factors. To do this requires: (1) deter- 
mination of the hottest-spot temperature 
during one complete 24-hour period, and 
(2) integration of the hottest-spot tem- 
perature curve during the 24-hour period, 
to obtain the amount of aging of the in- 
sulation. When an overload is found (by 
trial) to cause the same amount of aging 
as occurs when the transformer is carry-— 
ing rated load for 24 hours, this represents. 
the permissible overload for that particu- 
lar kind of load curve. 
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Figure 2. Residential load; 55 per cent load. 
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Figure 3. Industrial and residential load; 
60.5 per cent load factor 


Figures 1-3. Typical load curves on Ameri-- 
can Gas and Electric Company system 
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Figure 4. 50 per cent load factor composed 
of industrial load for 12 hours during 24-hour 
period 
24-hour average load=58 per cent; 30 de- 
grees centigrade ambient 


The’ permissible overload for a given 
load factor varies over a wide range, de- 
pending on the shape of the load curve. 
For example: a 50 per cent load factor 


} in which 100 per cent load is carried 50 


7 


per cent of the time, with no load on the 
remainder of the time (figure 4) will per- 
mit a minimum overload rating, whereas 
a 50 per cent load factor in which partial 
load is carried most of the time and a 


_ peak load is carried the rest of the time 


(figure 7) will permit a greater overload 
rating. The first case might correspond 
to an industrial 50 per cent load factor 
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condition requiring power during the day, 
only, and the second case, might corre- 
spond to a condition where, during the 
late evening hours, a heavy residential 
peak load is superimposed on a light 24- 
hour load. 


Calculation of Hottest-Spot 
Temperature 


The hottest-spot temperatures are 
calculated in two stages. First, the top- 
oil temperature rise is obtained, and then 
the hottest-spot rise over the oil is de- 
termined and added to the top-oil rise. 
The most difficult part is the calculation 
of the oil temperature under varying load 
conditions. When this is done, the rest 
is easy, since the winding rise over the oil 
becomes constant in 20 to 30 minutes and 
can be taken directly from a curve of ulti- 
mate rise versus load, and added to the 
oil rise. 

For the particular case under considera- 
tion the following assumptions are made, 
in calculating the hottest-spot tempera- 
tures. 


1. The ratio of losses at rated load is 2:1 
(2 copper, 1 iron). 


2. The ultimate top-oil rise at rated load is 
45 degrees centigrade. 


3. The hottest-spot temperature rise over 
the top oil is 20 degrees centigrade (10 de- 
grees average rise +10 degrees hot-spot 
rise over average rise) at rated load, and 
varies as the load raised to the 1.6 power.! 


4, The no-load ultimate oil rise is 19 de- 
grees centigrade. (The exact value based 
on 2:1 ratio of losses at rated load and tem- 
perature rise varying as 0.8 power is 18.7 
degrees centigrade.) 


5. The ultimate oil rise varies as the 0.8 
power! of the losses. 


6. The time constant corresponds to that 
for the average single-phase power trans- 
former ranging in size from 1,000 to 33,333 
kva. Table I. 

7. One hundred per cent excitation voltage 
is on at all times. The time constant is, 
therefore, based on the copper losses only. 
8. The load cycle selected is repeated from 
day to day such that the oil temperature is 
the same at the beginning and end of each 
24-hour period. 

9. A constant ambient temperature of 30 
degrees centigrade is maintained. 


Tests have shown®" that the oil rise 
under transient conditions can be esti- 
mated quite closely by the exponential 
formula: 


t 
nae 7) (1) 


where 


6,=temperature rise of oil at any time ¢ 
6, = ultimate oil rise 
€=2.718 
t=time in hours 
B=time constant* 
CxXe;, 
~ loss at initial temperature 
C=thermal capacity of iron core, windings 
(copper) tank and oil 
3.5 Xpounds (core+copper+2/3 tank) 
+90G 


60 
G=gallons oil (United States) 
* The time constant is the time required to reach 


ultimate temperature rise, if all heat were stored in 
the transformer. 


Figure 5. 62.5 per cent load factor; 30 de- 
grees centigrade ambient 
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Only 2/3 of the tank is used because the 
lower third is comparatively cool, and 85.7 
per cent (of 105G the correct value to use 
when the oil is at a uniform temperature) 
of the oil is used for the same reason. 


In table I are some representative 
values of B for load (copper) losses only, 
taken at 110 per cent load. One hundred 
and ten per cent load was chosen for the 
reason that the overload periods exert 
the greatest effect on the life of the insula- 
tion, and 110 per cent load is a general 
average value used for the various load 
factors. 

The average of the values of B in the 
table is 3.38. A general average value of 
3.33 appears to be a reasonable one to 
use. It is proper to point out, however, 
that B varies to some extent for different 
oil rises for the reason that the oil rise is 
not proportional to the losses but varies 
as the 0.8 power of the losses. Tests 
show,® however, that results close enough 
for practical purposes are obtained by 
using an average value of B for the oil 
rises under consideration. 

Equation 1 applies to oil-temperature 
rises. When the oil temperature is cooling 
down, the following equation applies: 


gl: 
pete 2) (2) 
Where 


@,=cooling in degrees during time period ¢ 

6,=initial oil rise over the ultimate for the 
load under consideration (that is, for no- 
load condition following some given load, 
6; is the initial oil rise minus 19 degrees 
centigrade) 

t=time in hours 
B=3.33 


Calculation of Top-Oil Rise 
for a Given Load Factor 


Figures 4, 5, and 6 show three assumed 
load curves in which the maximum loads 
are on for 50 per cent, 62.5 per cent, and 
82 per cent of the time—no load being 
on the rest of the time. The loads are, 
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therefore, 50, 62.5, and 82 per cent re- 
spectively. Figure 7 shows load curve 
with a 50 per cent load factor, made up of 
a 51.5 per cent load for 19 hours, and 140 
per cent load for 5 hours representing a 
peak residential overload from 5 to 10 
p.m. 

As an illustrative case, the top-oil rise 
will be calculated for the 50 per cent load 
factor, figure 4. 

It was found by trial that the oil rise 
is 25 degrees at the beginning and end of 
the 24-hour period. This gives a starting 
point of 25 degrees centigrade rise at 12 
midnight. 

From 12 to 6 a.m., the oil is cooling 
down. Using equation 2 we have (when 
t=6 and the ultimate no-load oil tem- 
perature rise is 19 degrees centigrade) 


6 
eal wt) Ge ) =a) 


centigrade 


degrees 


Therefore, at 6 a.m. the oil rise has 
dropped from 25 to 20 degrees centigrade. 
At 6 a.m. 116 per cent load comes on 
and the oil temperature starts to rise. 
The ultimate oil rise for 116 per cent load 
is 53 degrees centigrade. The oil rise at 


Figure 6. 82 per cent load factor; 30 de- 
grees centigrade ambient 


any time from 6 a.m. to 6 p.m. is esti- 
mated by equation 1, or 
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Following are the oil rises, for different 
times ¢ 


SE 


Time 7a.m. 10a.m. 2 p.m. 6 p.m. 
t= erator vl oon tC Brnne 4 
6-= SG. 2S seats 30....32.0 over 20 de- 
grees rise (start- 


ing at 6 a.m.) 


From 6 p.m. to 12 midnight, the oil 
temperature again decreases: 


6 
0,=(52.0—19)(1—e *%)=27.0 degrees 
or 52.0—27=25.0 degrees centigrade 
rise at 12 midnight 


Adding 30 degrees centigrade ambient 
to the above values, we obtain the top- 
oil temperature as shown in figure 4. 

The next step is to add the winding 
hottest-spot to the top-oil temperature 
curve shown in figure 4. The ultimate 
winding hottest-spot rises over the oil 
versus load are shown in figure 8, assum- 
ing 20 degrees rise at rated load. 

The hottest-spot curve figure 4 is di- 
vided into trapezoids (dashed lines), for 
the purpose of integrating the area to de- 
termine the aging during a 24-hour period. 


Figure 7. 50 per cent load factor, composed 
of light industrial and peak residential load 


24-hour average load=70 per cent; 30 
degrees centigrade ambient 
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As shown in a previous paper, the 
aging may be computed by the following 
equations: 


For a constant temperature 
A=te'T (3) 
where 
A=aging units 
€=2.718 
T=temperature degrees centigrade 


k=0.0865—which doubles the aging for 


each 8-degree-centigrade increase in 
temperature 


For a trapezoid in which the two un- 
equal sides represent temperature 


fT 2_ kT1 
a= (4) 
where 


T,=the maximum temperature degrees 
centigrade 

T,=the minimum temperature degrees 
centigrade 


As previously stated, the load-cycle 
conditions have been selected such that 
the aging will be the same as that under 


- continuous rated load conditions. Fora 


24-hour period, the aging at 95 degrees 
centigrade (55 rise by resistance+10 
degrees hottest-spot+30 degrees am- 
bient) is by equation 3 


A = 24¢?-0885X95 87 500 units 


Integrating the hottest-spot (dashed) 
curve in figure 4, the aging by equation 4 


is 
A,=6 el |- 570 


€0-0865X55.0 _ ¢0.086X550 


0.0865(55.0— 50) 


€0.0865X102 _ 0.086580 
=t0OU) 
0.0865(102— ~ 0.0865(102—80) _ 
¢0-0865X110 __ ¢0.0865X102 
=F (ls a | = 70,000 
0.0865(110—102) 
¢0- 0865X83 _ ¢0.0865X45 
A.s=6 SAS 
0.0865(83 — ~ 0.0865(83—45) _ 
Total 86,540 
units 


The figure 86,540 is close enough to 
87,500 units since a change of one degree 
centigrade affects the aging approxi- 
mately 12.5 per cent—based on the rate 
of aging doubling for each eight-degree- 
centigrade increase in temperature. 

It is well to point out that “integration 
by parts” of the hot-spot temperature 
curve gives approximately correct results. 
That is, if in figure 4 the “‘time”’ is di- 
vided into one hour and one-half hour 
intervals (depending on the rate of change 
of temperature) and the average of these 
time interval hot-spot values is used for 
T in equation 3, the total aging units ob- 
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Figure 8. Hottest-spot winding rise over top 
oil 


tained are 86,980 which are within 0.5 
per cent of those obtained by equation 4. 
In fact, when the hot-spot curve is quite 
irregular, the method of “integration by 
parts” is simpler and probably more ac- 
curate. 

The aging of figure 7 is by equations 3 


and 4: 
| = 2,800 


A;=5.5 | 


€0-0865X79 __ 0.086564 


0.0865(79 — 64) 


Az=11.5 X €0:0866X65 = 2,890 
ee | €0-0865X105 __ ¢0.0865%80 ab 3.670 
0.0865(105—80) | 
€0-0865X121.5 = €0-0865%105 
ate [ 0.0865(121.5—105) ]=75.000 
€0-0865X105 __ €0-0865X75 
A;=2 | rosa | 6,400 
Total 90,660 
units 


Again, 90,660 units is close enough to 
87,500 units—the aging at 95 degrees 
centigrade for 24 hours. 

From the above results, it can be seen 
that the permissible overload for a 50 
per cent load factor ranges from 16 per 
cent (figure 4) to 40 per cent (figure 7) 
depending on the character of the over- 
load.* With shorter than five-hour peak 
loads imposed on partial load conditions, 
the permissible overload would be greater 
than 40 per cent. For a one or two-hour 


Table Il. Permissible Loads for Self-Cooled 
Transformers (Per Cent of Rated Capacity) 


SN 


Per Cent 
Load 
Factor 0 5 10 15 20 25 30 


ee es 


Ambient Temperature (Deg C) 


DOccecees 145..140..135..130..125..120..115 
GO ree sce 142, .187...182..127..122, 117. .112 
TOs cveine 139..134..129..124..119..114..109 
SO ccna 1362.13). 2026 bod LG. ULL, L106 
SOR ea alee 133..128..123..118..113..108..103 
100: 6... 130)..125-.1202115).-110. 105.100 
a eS SS 


* For the load curves shown in figures 1, 2, and 3, 
the permissible overloads are in the order of 25 per 
cent to give the same aging as for continuous opera- 
tion at rated loads. In other words, the rating of 
the transformers could be 80 per cent of the peak 
loads. 
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peak load, the permissible overload, con- 
sidered only from the standpoint of aging, 
might be as high as 80 to 100 per cent. 
These heavy overloads might not be safe. 
In the first place, there are often limits 
other than aging of the insulation, such as 
overheating of lead joints (when soldered) 
and ratio-adjuster contacts, regulation, 
etc. In the second place, it has been 
shown! that when cellulose is maintained 
at temperatures above approximately 
120 degrees centigrade chemical deteriora- 
tion becomes an important factor. 

Under a condition of this kind the 
short-time heavy overload should be 
limited to the time specified in the ASA 
guides. For example if, when following 
50 per cent load, the overload was 1.4 
times the rated load current the time 
should be limited to approximately 25 
minutes for recurrent conditions and to 
approximately 100 minutes for emergency 
conditions. 

General rules for overloading trans- 
formers should be safe for the worst con- 
dition, as one is not sure of the condi- 
tions under which these rules will be used. 

An integration of the hottest-spot 
temperature curves shown in figures 5 
and 6 gives maximum peak loads of 
111.5 per cent with 62.5 per cent load 
factor and 105.5 per cent with 82 per cent 
load factor. 

It is recognized that with water-cooled 
transformers the aging under low load 
factor might be more than for self-cooled 
transformers, because the oil temperature 
will respond more quickly to load changes. 
The difference, however, will not be very 
great since the faster oil cooling will 
partially compensate for the faster oil 
heating up. 

The ASA recommended overloads as 
covered in the guides for operation of 
transformers, limits two-hour recurrent 
overloads to 10 per cent and 20 per cent, 
following full-load and no-load conditions 
respectively; also, emergency two-hour 
overloads are limited to 25 per cent and 
40 per cent respectively. 

The object of presenting the data in 
this paper is not to replace or supersede 
the ASA’s recommendations which are 


Table III. Permissible Loads for Water-Cooled 
Transformers (Per Cent Rated Capacity) 


Per Cent Ambient Temperature (Deg C) 

Load 

Factor 0 5 10 15 20 25 
BO) ree a TAQE ealao acl oOes LZ lc Onretkico 
GO Rasiateens 1B Y¥le eon cl PPh emit gn ote 
LOvisiatetane 154s 129 alee ae LO ete barat LOD 
SOiiac svete TST maye do stmt lO mata lear ete OG 
O Obrcraeres's 128s et23ie L1LSie kos tOSe wm tOs 
WOODS siereiets 1250 | L20) . Wb ORen LOG. LOO 
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not directly coupled with load factor, but 
rather to show what is possible under dif- 
ferent load-factor conditions, and (most 
important) to point out the limitations 
to the use of overloads for various load 
factor conditions. Several utility engi- 
neers are calculating?.®’ the permissible 
overloads on distribution transformers 
under various conditions of service, and 
it is the hope that this paper will be of 
some benefit in these efforts. 

We have seen that under the most 


severe conditions 16 per cent overload can 
be held on a transformer operating at its 


PERMISSIBLE PEAK LOAD 
IN PER CENT OF NORMAL RATING 


110 


° 2) 10 IS 20 
AMBIENT — DEG C 


maximum load 50 per cent of the time, 
that is, 50 per cent load factor, figure 4. 
For 62.5 per cent and 82 per cent load 
factors shown in figures 5 and 6, 11.5 
per cent and 5.5 per cent overloads re- 
spectively can be held. 

Expressed in terms of load factor, we 
have: 


= =e 


Per Per Per Cent Overload for 
Cent Cent Each 10 Per Cent Reduc- 
Load Over- tion in Load Factor Be- 
Figure Factor load low 100 Per Cent 
Biraele se 50 SOc ahteatereren ie wee 3.2 
Bittevsrerrs G2 AB aavecel liiB ureters arcvsnerstore 3.07 
Ghngooe EVR Sos tdnasconotooatd 3.05 


It appears, therefore, that a safe rule 
would be to permit 3.0 per cent overload 
for each 10 per cent that the load factor 
is under 100 per cent. Approximately the 
same overload values were obtained in 
my 1930 AIEKE paper,! although a dif- 
ferent method of calculation was used. 
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As a result of my 1930 paper, the rule 
which allows one per cent continuous 
overload for each degree centigrade that 
the ambient is under 30 degrees centi- 
grade for air, and 25 degrees centigrade 
for water, was incorporated in AIEE pub- 
lication No. 100. The one per cent rule 
is now in the ASA Guides for Operation of 
Transformers. 

This information will permit taking 
advantage of both low load factor condi- 
tions and low ambient conditions, in 
cases where this seems advisable. 

The proposal is to combine the three- 


Figure 9 (left). 

Loading curves for 

eee self-cooled _trans- 
ra] formers 2 
o8 
ea ie 
s ; 
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See 20 
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Figure 10 (right). 

bi Loading curves for 


water-cooled  trans- 
formers 


per cent rule and the one-per cent rule 
which will give the permissible peak loads 
in per cent of normal rating for low load 
factors and low ambients as shown in 
tables 2 and 3 for self-cooled and water- 
cooled transformers respectively. 

The values shown in tables II and III 
are plotted in curve form in figures 9 and 
10. It is not intended that these over- 
loads relating to load factors, be added 
to the short-time overloads already per- 
mitted by the ASA Guides for Operation 
of Transformers. 


Future Work 


To complete the work on loading power 
transformers by temperature, it is 
planned to present, at some future date, a 
paper showing how to convert any load 
cycle consisting of short-time high peak 
loads to the equivalent rectangular load 
cycle, and then limit its duration to the 
time given by the ASA guides. 


Montsinger—Effect of Load Factor 


References 


1. LoapInc TRANSFORMERS BY TEMPERATURE, 
Vv. M. Montsinger. AIEE Transactions, volume 
49, April 1930, page 776. 


2. CooLInG OF TRANSFORMER WINDINGS AFTER 
Suutpown, V. M. Montsinger. AIEE TRANS- 
ACTIONS, volume 36, 1917, page 711. 


3. OprERATING TRANSFORMERS BY TEMPERATURE, 
W. M. Dann. AIEE Transactions, 1930, page 
793-6. 


4, EFFECT OF OVERLOADS ON TRANSFORMER LIFE 
L. C. Nichols. ELsecrricaL ENGINEERING (AIEE 
TRANSACTIONS), December 1934, page 1616. 


5, PREDETERMINATION OF SELF-COOLED OIL- 
IMMERSED TRANSFORMER TEMPERATURES BEFORE 
Conpitrons ARE Constant, W. H. Cooney. 
AIEE TRANSACTIONS, volume 44, 1925, page 611. 


AMBIENT —DEG C 


6. OVERLOADING OF POWER TRANSFORMERS, V. 
M. Montsinger and W. M. Dann. ELECTRICAL 
ENGINEERING (AIEE TRANSACTIONS), October 
1934, page 1353. 


7. OPERATION OF OIL-INSULATED TRANSFORMERS 
ON A TEMPERATURE Basis, E. A. Church. EEI 
Bulletin V-4. 


8. TRANSFORMER TEMPERATURES UNDER VARI- 
ABLE Loaps, A. H. Kidder. EEI committee report. 


9. EconomicaL DISTRIBUTION ‘TRANSFORMER 
Loap1nc, EEI publication F-7. 


10. TEMPERATURE LIMITS FOR SHORT-TIME OVER- 
LOADS FOR OIL-INSULATED NEUTRAL-GROUNDING 
Devices, V. M. Montsinger. AIEE Transac- 
TIONS, 1938 (January section). 


11. TRANSFORMER ENGINEERING (a book), L. F. 
Blume, G. Camilli, A. Boyajian, and V. M. Mont- 
singer. John Wiley and Sons, chapter 9. 


12. SELECTING DISTRIBUTION-TRANSFORMER SIZE, 
M. F. Beavers. ELECTRICAL ENGINEERING, Vol- 
ume 59, October 1940, pages 407-12. 


13. PyROCHEMICAL BEHAVIOR OF CELLULOSE 
INSULATION, F. M. Clark. Exvecrricat ENGI- 
NEERING (AIEE TRANSACTIONS), volume 54, 
October 1935, page 1088. 


Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 ‘‘Transactions Supplement’? to ELEc- 
TRICAL ENGINEERING, 


ELECTRICAL ENGINEERING 


ieetiatind 


oe a ae 


Synopsis: Certain squirrel-cage motors are 
known to have a wide variation in starting 
torque depending on the angular position 
of the rotor. In extreme cases the torque 
may be actually negative at certain posi- 
tions making the motor entirely useless. 
Various names such as ‘dead points,” 
“cogging,” and “locking” torque have been 
used to describe this condition but no de- 


tailed study of its mechanism appears to 


be available. 

An analysis of the causes of such be- 
havior is presented here as one of several 
phenomena not covered by classical theory 
since they arise from the nonsinusoidal na- 
ture of the air-gap field. It is shown (1) that 
only with certain definite relations of slot 
numbers can dead points exist at all, and 
(2) that, given one of these vulnerable slot 
combinations, the amplitude of the torque 
variation moves over an extremely wide 
range as the coil span is changed. The ef- 
fect of coil span is not merely that due to 
the numerical change of harmonic chord 
factor but is shown to be the result of 
changes of direction of the various com- 
ponent forces. Test results confirming the 
analysis are included. It now becomes pos- 
sible to correlate a great many apparently 
divergent results and to avoid troublesome 
combinations in future designs. 


HE simple elementary theory of 

squirrel-cage induction motors treats 
the air gap field as a pure sine wave. 
Based on this simplification the classical 
laws of motor performance have been de- 
veloped. It is evident, however, that in 
most actual motors the flux field differs 
sufficiently from a simple sine wave to 
warrant a closer study of its shape if the 
performance is to be predicted accurately. 
For example, the following phenomena 
depend largely on the nonsinusoidal na- 
ture of the flux field. 


1. Vibration and noise. 
2. Stray load loss. 
3. Parasitic torques resulting in 


(a). Asynchronous cusps in the torque curve. 
(b). Synchronous locking at low speeds. 
(c). Dead points or locking at zero speed. 


While all of these subjects have been 
investigated to some extent, the dead- 
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; Dead Points in Squirrel-Cage Motors 


QUENTIN GRAHAM 


ASSOCIATE AIEE 


point phenomenon has probably received 
the least attention and no detailed study 
of its mechanism is available, at least 
in the English language. The present 
paper attempts to fill this gap, offering 
an explanation of the cause of dead 
points and some test results that con- 
firm the analysis. It is shown that only 
with certain definite relations of slot num- 
bers is it possible for dead points or 
locking torque to exist at all, and, further 
that the magnitude of the locking torque 
varies over an extremely wide range as 
the coil span is changed. While it is ad- 
mitted that exact quantitative results are 
difficult to predict, a basis for judging 
the probability of trouble is established. 


Test Observations 


A motor which exhibits dead points, 
or cogging, as it has sometimes been 
called, will be found to have the follow- 
ing characteristics. The locked-rotor 
torque varies with the angular position 
of the rotor, passing through a cycle for 
each rotor slot pitch. If the running 
torque is measured slightly above and 
slightly below zero speed, the torque is 
found to agree quite closely with the 
average locked value. The locked torque, 
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ONE ROTOR SLOT PITCH 


Figure 1. Typical test curve showing variation 
of locked rotor torque with rotor position 


Motor had 24 stator slots, 18 rotor slots, 2 
poles, 3 phases, 7/12-coil span, rotor-skewed 
one rotor-slot pitch 
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therefore, is a constant amount plus a 
variable component which has positive 
and negative values dependent on the 
rotor position. The net locked torque 
may be entirely positive or it may be zero 
or even negative at certain positions of 
the rotor. In the latter case the motor is 
truly “dead” and will not start even with- 
out load. However, when the torque is 
all positive it is only the minimum value 
that is useful for starting a load. Figure 
1 shows tested values of locked torque for 
a motor of this kind. 

The variable component of torque is 
similar to the torque of a synchronous 
machine being dependent on the angular 
position of the rotor and passing through 
positive and negative half cycles. One 
is led therefore to search for a similar 
cause: two independent fields which are 
in synchronism at zero rotor speed and 
have distributions in space such as to 
give the required torque-angle character- 
istics. The following discussion shows 
that the necessary fields are present to 
fulfil just these requirements. 

It has been observed further that mo- 
tors having the same combination of 
stator and rotor slots may have widely 
different amounts of the variable torque 
component. Since most explanations of 
this phenomenon have been based hereto- 
fore on considerations of permeance varia- 
tions, the observed results have appeared 
inconsistent. The analysis given here 
shows that these results can be explained. 


Analysis 


1. Srator Harmonics 


As with many problems of this kind, it 
is sufficiently accurate to examine the 
harmonic fields of stator and rotor which 
result from the following assumptions: 


(a). The slot currents are concentrated 
at points. 


(b). The air gap permeance is uniform. 


For integral-slot stator windings it is 
well known that the possible harmonics 
are: 


n=1+MK (a) 


where M is the number of phase belts per 
pair of poles, K is any positive or negative 
integer including zero. The algebraic 
sign of m shows the direction of travel with 
respect to the fundamental field. The 
velocity of each harmonic field is 1/nth of 
the speed of the fundamental. 


2. HARMONIC FIELDS OF 
SQUIRREL-CAGE ROTORS 


A squirrel-cage winding carrying cur- 
rents induced by the fundamental stator 
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field sets up harmonic fields of the follow- 
ing order in addition to its fundamental 
field. 


m=1+KS, (2) 


where S, is the number of rotor bars per 
pair of poles, K is any integer. Usually 
the only fields having sufficient magnitude 
to be of importance are those obtained by 
letting K equal plus and minus one. 

This, however, does not complete the 
list of rotor fields. In addition to cur- 
rents in the rotor bars induced by the 
fundamental stator field, there are cur- 
rents resulting from each of the other 
stator fields. For each separate current 
component flowing in the bars there are 
the following fields: 


1. The nth, corresponding to the nth 
stator field which induced the current under 
consideration 


2. The mth, where 


In this case it is usually necessary to con- 
sider only the one or two lowest values of 
m resulting from any given value of n. 


3. COMPARISON OF ROTOR AND STATOR 
HARMONIC FIELDS 


It is now possible to set down the har- 
monic fields of both members and com- 
pare them. For purposes of explanation 
it will be simpler to use an actual case and 
the one selected is a motor for which test 


Figure 2. Relation of third, fifth, and seventh 
harmonics to the fundamental for a single coil 


data are available. The specifications 


are as follows: 


Number of poles = 2 
Number of stator slots =24 
Number of rotor slots ey 
Number of phase belts (total) == 


Slots semiclosed for both members. 


From these facts and the expressions 
for stator and rotor harmonics above, the 
orders of the various fields can be written 
as shown in table I. 

The stator harmonics are simply those 
that occur in any three-phase motor hav- 
ing an integral-slot winding and the list 
could be carried out indefinitely. The 
first column under rotor harmonics is the 


Figure 3. Relation of the fundamental, 5th 

and 7th harmonics for a three-phase winding 

with four slots per phase belt and full-pitch 
coils 


series induced by the corresponding sta- 
tor fields. These combine with the stator 
fields to produce true induction-motor 
torques, each with its own synchronous 
speed, and are of importance in the study 
of asynchronous cusps. They need not 
concern us here, however. 

The remaining columns of rotor har- 
monics are the incidental fields set up 
along with the main fields of column one, 
their harmonic order numbers being de- 
termined by the number of rotor bars. It 
is these fields that are important in the 


Table | 


Stator 
Harmonics 
(K=—1) 
n Dn m, 
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Rotor Harmonics 


(K=+1) 


(K = —2) 


toeees iLO Weinelneleseleretsiol— GOT reeeer ae ect=S 7 
s0Q008 Ste hOlteroteielevete alte == & Ll pene eerene = TI 
piaretere =O la lelelaieisteieie sie\ein= 20 etetreniniete sic4 3 
rohatstats “A latinddbddooUObogeogKoHcoDec Sune 
doen t=O eersleloleicieieie cil 20 
sapao0 oP silaaeeoundcoon ob enuROsanaconcteN® 
Nore syots sino do canodaas Ns 
ayeerotets <I Oistsisolsoial shal olelolete steisisters erect 1S 
pdacas at Becca oocnad all 


Graham—Dead Points 


O10/-F#a 


MENTAL 


OTOR 
FUNDAMENTAL. 


Figure 4a. Relation of 17th-harmonic waves 
of stator and rotor, for a particular coil span, 
with rotor in original position 


Note: The 17th harmonic is drawn to an 
enlarged horizontal scale for clearness 


present study. It will be noticed that in 
setting up a secondary field with funda- 
mental distribution we incidentally pro- 
duce 17th and 19th harmonics which have 
the same signs as the 17th and 19th stator 
fields. Thus there is a pair of 17th har- 
monic fields moving backward at !/i;th of 
synchronous speed but maintaining syn- 
chronism with each other while the rotor 
is at rest, and there is a pair of 19th har- 
monic fields going forward at 1/;sth speed 
under the same conditions. There are, 
then, steady torques produced by each 
of these pairs of fields but the direction 
and magnitude of these torques and their 
dependence on rotor position will have to 
be investigated further. 

Before going into these questions, how- 
ever, we can take note of the fact that 
there are other such pairs of fields present. 
For each harmonic in the stator column, 
there is a corresponding harmonic in one 
or more of the rotor m columns. 


4. THE PHASE RELATIONS 
BETWEEN THE HARMONICS 


In order to proceed with an analysis of 
the torque components it is first necessary 
to establish phase relations between the 
various harmonic fields. Figure 2 shows 
three of the component fields of a single 
full-pitch coil in relation to the funda- 
mental. If there are several symmetrical 
phases of one coil each, this picture also 
represents the relation between the com- 
bined harmonics of all phases at the par- 
ticular instant when the current in the 
coil shown is a maximum. It will be 
noted that those harmonics in the series 
1, 5, 9, 18, 17, etc., have positive maxi- 
mums coinciding. Those in the series 3, 
7, 11, 15, 19, etc., have their negative 
maximums coinciding with the positive 
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Figure 4b. Relation of stator and rotor 17th- 
harmonic waves after rotor has been moved 
one-fourth of a rotor-slot pitch 


maximum of the fundamental. The 
significance of this point will be seen later. 

In general there will be more than one 
coil per phase belt in the stator and the 
coils will not be full pitch, both factors 
having an effect on the relations found 
for a single coil. In the case of the ex- 
ample previously used having four coils 
per phase belt it is found that the vector 
addition of the harmonic components of 
all four coils gives phase relations as 
shown in figure 3. Some harmonics are 
now found to be reversed and others re- 
main as they were for a single coil. The 
process of finding which ones reverse is 
discussed in more detail in appendix B. 

Proceeding to the case of chorded 
windings, it is found for the sample mo- 
tor that the various harmonics again 
either reverse or hold their positions de- 
pending on the coil throw as discussed in 
appendix B. For any given stator wind- 
ing, therefore, it is possible to draw the 
relation between the fundamental and 
any or all harmonics for a particular in- 
stant. 

Considering the rotor for a moment we 
see that it is equivalent to a winding with 
one coil per phase belt and so can be rep- 
resented by figure 2 for any one com- 
ponent of current. 


5. THe ToRQUE CYCLE FOR 
Any HARMONIC 


The next step in the analysis is to place 
the rotor and stator fundamental waves 
together with about the same phase re- 
lation that they might be expected to 
have normally with the rotor locked. 
This would be nearly 180 degrees apart, 
the actual angle depending upon the 
power factor of the secondary circuit and 
the ratio between magnetizing current 
and total current. For our present pur- 
pose the exact angle is not very important 
and so for simplicity the two fundamental 
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Table Il. Magnitude of Torque Components for Different Coil Spans 


a eS a 


Coil Span as a Fraction of Full Pitch 


n m 5/12 6/12 7/12 


8/12 


9/12 


10/12 


11/12 


12/12 


a a 
Ww tisem 1D COsewactenaien ach 1.18 =F 27 +7 .27 1.93 4.52 
WO sistas AP fest OF vee LOB sees —4.502...0 40 ool 
a les Ber reget: 10.55... 48.42... 8.42... —3.24.. Terr eae 
eee Fton he eenee se 1,28....—1.87....—0,19....+0.36 = DlSiierte st leor 
a ae ts an ee 7.12.,..4+5.70....—2.26....—1.50....44.52....—5.70 
Ce WOFiswee LON ca O17 sve = 1,000... 0. 41... 40, 24 +0.58....+1.00 
+000 25.. 5.26....+8.38....+ 0.56....—3.38....+3.20....—0.85. —1,97....+-8.88 
We... Teneo 1.47... =0,58....— 0.05 —0.58 +0.26 +0.15 +0.38 
.05.... «O85... +26... ; -88....+0.58 
ee vie - Nace ora 0.49....—0.53....—0.07....+0.13 —0.41,...+0,53 
He . a = x Bive et Ona). se 0.05..,.—-0,41,,,,4+0.41,...—0.11, —0,26....+0.41 
he . ae pais Gtr ahaa 0.56....+0.45,...—-0.19....—0.11. +0.386.... —0).45 
os . ae — 0.62....+1.24....— 1,58,...-+1.24,...—0.58.... —0.82. +0.98....—1.24 
BOS ae a5 ts 1,58....+0.96....+ 0.11....—0.96....+0.90....—0.24, —0.55.... +0196 
Dotalawesccs ys BE 70% cans Sr UDisvrerss aus 16.89), sins One laren Oni) Osis ajersya Osa 2 veins. CAL Jenn 0.31 


For each coil span the number of turns of the winding is changed to keep a constant fundamental flux 


density. 


Table applies to case of 24 stator slots. 18 rotor slots, 2 poles, 3 phase. 


waves will be drawn 180 degrees apart 
(figure 4a). The zero points of the stator 
wave pass through the center of a phase 
belt and the zero points of the rotor wave 
pass through the center of two bars, a 
pole pitch apart. Under these conditions 
the 17th harmonic of the stator will bear 
a fixed relation to the 17th rotor harmonic 
as shown. An instant later the funda- 
mental waves will have moved slightly 
in a positive direction while the 17th 
harmonics will have moved 1/,;th as far 
in a negative direction. Thus the picture 
represents only a particular instant. 
Since the two 17th waves do not change 
their positions relative to each other, 
however, the torque between them, which 
is zero in this case, is constant. 


Suppose now that the rotor be turned 
through one-quarter of a rotor bar pitch 
and a new picture be drawn for the same 
instant in time as before. Figure 4b shows 
this and it will be seen that the two 
fundamental waves remain in the same 
relation to one another. This must occur 
since the secondary current is induced by 
the primary and the time relation of the 
current in the bars simply changes to 
accommodate the new bar position. The 
17th stator wave remains as it was but 
the rotor 17th is shifted relative to the 
rotor fundamental. The amount of the 
change can be visualized by going back 
to figure 4a and considering the position 
of the two rotor waves after the elapse 
of sufficient time for the fundamental to 
have moved one-quarter of a rotor bar 
pitch. This distance is 5 degrees of the 
fundamental wave or 85 degrees if re- 
ferred to the harmonic wave length. Dur- 
ing this interval the 17th wave will have 
moved 5 degrees of its own wave length 
in the opposite direction. The relative 
movement is thus 90 degrees. A change 
in rotor position of one-fourth of a bar 
pitch has therefore resulted in a change in 
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phase relation of the stator and rotor 
17th harmonic waves of 90 degrees. In 
this new position there is a torque exerted 
between the two fields tending to bring 
them in line with one another. By con- 
tinuing the process of shifting the rotor 
slightly it can be seen that when a shift 
of one complete bar pitch has been made 
the relative position of the harmonic 
fields will have gone through a full cycle 
and the torque between them will have 
passed through a set of positive and then 
negative values. 

If the 19th harmonic wave is examined 
it will be found to have the same proper- 
ties so that it also produces torque de- 
pending on rotor position and goes 
through a complete cycle as the rotor is 
moved one rotor tooth pitch. This was 
one of the requirements of a theory that 
would agree with the known facts. 

We have yet to investigate the effect of 
other pairs of harmonic fields and it is 
now proposed to examine the 5th har- 
monic. The rotor 5th harmonic wave has 
been shown to be a result of current in- 
duced in the rotor bars by the 23d stator 
harmonic. The relation between the ro- 
tor 23d and rotor 5th is shown in figure 
5a. For the stator it is necessary to select 
a particular coil throw from which the re- 
lation of 23d and 5th can be worked out 
as shown in appendix B. This has been 
done and is shown in figure 5b. Now if 
the same assumption is made as before 
and we place the stator and rotor 23d 
harmonic fields 180 degrees apart, the two 
5th harmonic waves fall in the positions 
shown in figure 5c. 

The next step is to move the rotor toa 
new position and see what happens to the 
two 5th harmonic waves. If we select one- 
fourth of a rotor slot pitch for the first point 
as before we reason as follows. The 23d 
rotor field must bear the same relation to 
the 23d stator field in all positions of the 
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rotor since it is induced by it. The rotor 
must therefore be pictured as it would be 
after the lapse of sufficient time for the 
23d harmonic to move one-fourth of a 
rotor bar pitch which is 5 fundamental 
electrical degrees or 115 degrees based 
on the 23d harmonic wave length. But 
during this period the rotor 5th harmonic 
would have moved 115 degrees of its own 
wave length since all waves move equal 
parts of their wave lengths in a given time. 
Converting both distances to degrees of 
the 5th harmonic wave and noting that 
both waves move in a negative direction 
the relative movement of the 5th with 
respect to the 23d and hence with respect 
to the stator 5th is, 


115—115X5/23=90 degrees (4) 


Here again we find that the 5th harmonic 
waves behave in the same manner as the 
17th and 19th in that displacement of the 
rotor causes them to move apart and thus 
produce torque and the torque cycle re- 
quires a displacement of one full rotor bar 
pitch for its completion. In fact all har- 
monic pairs that exist follow this same 
tule. 

This establishes a series of torque 
cycles, each arising from a particular har- 
monic pair and all existing simultaneously 
and having the same dependence on rotor 
position over a slot pitch. Two questions 
then remain to be answered. First, what 
are the magnitudes of the various torques? 
Second, what about the phase relations 


o/o1-5 


ROTOR 23” 
ROTOR 5™ (a) 
STATOR 23” 
(b) 
STATOR 5" 
ROTOR 2372 STATOR 23” 


= ROTOR 5" 
STATOR 5 


Figure 5 


(a}—Relation of rotor 5th and rotor 23d 


(b)}—Relation of stator 5th and stator 23d for 
a particular winding 


(c)—Relation of stator and rotor 5th-harmonic 
waves when the rotor 93d is induced by the 
stator 23d 

Note: Waves are not drawn to scale 
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between the several torque cycles? 

In answer to the first question, table IT 
has been prepared from calculations on a 
particular motor by using the torque 
formula developed in appendix C. 

The second question, that of phase re- 
lation of the torque cycles, is important 
and is responsible for some of the anoma- 
lous results that have been observed. It 
will be considered in detail in the follow- 
ing section. 


6. RELATION BETWEEN THE 
VARIOUS TORQUE COMPONENTS 


It is evident that there are two possible 
relations between the rotor and stator 
waves of a given harmonic when the rotor 
is in the position shown in figure 4a. The 
two waves are either in phase or 180 de- 
grees out of phase. If they are in phase 
any movement of the rotor shifts their 
relative positions in such a way that the 
resulting torque tends to return the rotor 
to its original position. This, then, is a 
stable zero position. On the other hand 
if the rotor and stator fields are in direct 
opposition, movement of the rotor shifts 
the rotor field so as to produce torque 
assisting the rotor movement. In this 
case the original position is an unstable 
zero point. 

Since all torque cycles repeat in the 
same space angle, they either add or sub- 
tract and all that remains to be done is to 
note whether the rotor and stator waves 
are in phase or out of phase for each har- 
monic in the original position. As noted 
above certain harmonics will be found to 
be one way and others the opposite way 
for any given winding. Table IT has been 
arranged to show these relations for a 
specific case. The important fact brought 
out by this table is the way in which the 
coil span affects the final results. Thus 
for a given number of rotor and stator 
slots and phases there is a wide variation 
in the locking torque depending on the 
coil span used. This variation is partly 
due to the change in magnitude of certain 
harmonics but the more important cause 
is the cancellation of forces as a conse- 
quence of their phase positions. 


Test Results 


In order to confirm the theory de- 
veloped here a two-pole motor having 24 
stator slots and 18 rotor slots was wound 
successively with four sets of coils, each 
having a different coil span. The number 
of turns and the operating voltage were 
adjusted so that the fundamental flux 
density was the same in all cases. A test 
of the locked torque variation was made 
for each winding with two different rotors, 
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TORQUE IN LBS FT. 


COIL SPAN AS A FRACTION 
F 
FULL PITCH 


Figure 6. Amplitude of locked-rotor torque 
variation as affected by coil span. (The total 
spread between maximum and minimum 
torque is twice the amplitude shown here) 


Curves apply to three-phase motors with 24 
stator and 18 rotor slots per pair of poles 


One rotor had no skew while the other was 
skewed a full rotor-slot pitch. The read- 
ings were taken at half rated voltage to 
avoid abnormal heating and consequent 
changes of resistance. 

A sample set of test readings is plotted 
in figure 1 showing the torque variation 
as the rotor is moved through a rotor-slot 
pitch, A minor variation in current oc- 
curs also and a curve showing this is in- 
cluded. In figure 6 the amplitude of the 
torque variation for each of the tests has 
been replotted to show the effect of a 
change of coil span. A line showing the 
average value of the locked torque is in- 
cluded to emphasize the enormous varia- 
tion that occurs with certain coil spans. 

The calculated curve which is shown 
was worked out in accordance with ap- 
pendix C and applies to the case of the 
straight-slot rotor. The agreement be- 
tween test and calculated values, while 
not as close at all points as might be pos- 
sible had more rigorous methods been 
used, seems to indicate that the analysis 
is essentially correct. 

A number of such calculated curves 
have been worked out for other slot ratios 
and checked against available data from 
test files. In most cases fairly satisfac- 
tory agreement has been found. The 
effect of skew has not been calculated in 
detail but approximate methods of taking 
it into account can be devised. 

In the interest of accuracy it should be 
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recorded ‘chat some of the tests, particu- 
larly those with no skew, showed an addi- 


tional variation having a cycle of one- 
fourth of a rotor-slot pitch. No attempt 


has been made to account for this com- 


ponent of the torque variation but it is 


_ probable that accurate plots of the air 
gap flux would reveal the cause. 


Figure 
8 shows this type of variation. 

The calculated curve of figure 6 is 
applicable to any motor having the same 
number of slots per pair of poles as those 
used for this example provided the 
torque scale is adjusted to suit the par- 
ticular values of current as set forth in 
appendix C. For all other three-phase 
slot combinations which have been in- 
vestigated so far the general shape of the 
curve is similar, having minimum points 
at full pitch and two-thirds pitch. 

It may be argued that once the causes 
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Figure 7 


(a}—Summation of four fundamental vectors 
(b)}—Summation of four fifth-harmonic vectors 


(c}—Summation of four 
vectors 


seventh-harmonic 


of dead points are understood there 
should be little need to calculate their 
effects accurately since most designers 
will simply avoid slot numbers that pro- 
duce them. The fact remains that other 
considerations may sometimes determine 
the slot numbers and thus a means of 
finding the best coil span is useful. 


Rules to Avoid Dead Points 


Since there must be stator and rotor 
harmonics of the same order traveling 
in the same direction to produce dead 
points, trouble can be avoided in the case 
of integral-slot windings by choosing a 
number of rotor slots which is not a 
multiple of the number of stator phase 
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belts.. For fractional-slot windings of the 
balanced type the rule is as follows: 
Avoid a number of rotor slots which is a 
multiple of the number of phase belts 
divided by Y, where Y is the denominator 
of the fraction, reduced to its lowest 
terms, expressing the number of stator 
slots per pole per phase. 

If, for any reason, it is desirable to use 
one of these vulnerable slot ratios a coil 
span should be used that will minimize 
the dead-point effect. 

A skewed rotor will always decrease 
the dead-point effect. 


Previous Work 


After the present study had been com- 
pleted it was found that the idea of posi- 
tive and negative signs for the torque 
components was not original but had been 
developed independently by Dreyfus! in 
Sweden. It was used later by Richter? in 
Germany and included in his ‘Elek- 
trische Maschinen.” Unfortunately there 
appears to be no English translation of 
either Dreyfus’ paper or Richter’s books 
and so their results have not had the ap- 
preciation in this country that they de- 
setve. 

A German investigator, Méller,* has 
taken a series of tests with various slot 
combinations. His tests showed strong 
locking with most of the combinations 
having a slot difference which is a multiple 
of the phase belts but he also got a weak 
locking torque in cases where the differ- 
ence was a multiple of half the phase belts. 
The latter he attributes to a possible 
second harmonic of the slot pulsation. 
The coil span of the stator coils is not 
stated and no indication is given that its 
effect was considered important. 

Gray* discusses the question of dead 
points and attributes the cause to per- 
meance variations entirely. He shows a 
test on one motor in which most of the 
torque variation has a space distribution 
corresponding to a fifth harmonic of the 
rotor slot pitch. His motor has five 
stator slots for each four rotor slots but 
the numbers of poles, phases, and total 
slots are not given. 

A discussion by Cotton® points to 
permeance variations as the principal 
cause and states that a common factor 
for slot numbers is to be avoided. Say 
and Pink® state that locking at standstill 
occurs when the stator and rotor slots 
are the same in number or if one is a 
multiple of the other. 

The most recent reference to the subject 
before the AIEE occurred during the 
discussion of E.E. Dreese’s’ 1930 paper on 
synchronous running torques. 
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Appendix A. Magnitude of the 


Harmonic Fields 


1. Stator 


The magnitude of the stator harmonic 
fields which arise from the distribution of 
the winding can be calculated with fair 
accuracy by assuming that the slot current 
is concentrated at the center line of each 
slot and that the permeance is uniform. 
With these assumptions, 


Bsgn=— (5) 


where 


Bs, =maximum value of nth harmonic field 
in terms of the fundamental field. 


ki and ky, =product of pitch and distribution 
factors for fundamental and nth harmonic. 


2. Rotor Fields 


The magnitudes of the mth harmonics, or 
incidental fields of the rotor bear a fixed re- 
lation to the mth harmonic fields. The well- 
known relationship between the harmonic 
components of a rectangular wave is that 
the magnitude of each component is pro- 
portional to the reciprocal of its harmonic 
order. For two fields of orders m and 
m resulting from one set of currents the re- 
lation between them is, 


nB Rn 


Brm = (6) 


m 


where Brm and Bry are the magnitudes 
of the rotor mth and nth fields respectively. 
The problem then is first to find the value 
of Brn. One simple, approximate solution 
that suggests itself is to assume the rotor 
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LONE ROTOR SLOT PITCH 


Figure 8. Typical test curve showing varia- 
tion of locked-rotor torque with rotor posi- 
tion for motor without skewed slots 


Motor had 24 stator slots, 18 rotor slots, 2 
poles, 3 phases, 7/12 coil span 
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ampere turns equal the stator ampere turns. 
For the fundamental field or for some of the 
lower order harmonics this might be done 
without serious error, but when applied to 
cases where 1 is high and m is low it is soon 
apparent that this simple relationship is 
far from the truth. The reason for this is 
that the incidental mth harmonic fields pro- 
duce flux linkages with the rotor bars 
which, in the case of a high ratio of » to m, 
become the determining factors in limiting 
the rotor current. A more nearly accurate. 
method of finding the value of the rotor 
fields, though still an approximation, is to 
equate the rotor bar voltage set up by the 
stator mth field to the sum of the voltages 
due to the rotor mth and mth fields. 

Thus, 


Esn=ErntErmt+Ermt.:...- (7) 


where, 


Egn=rotor bar voltage induced by stator 
nth harmonic. 

Eprn=rotor bar voltage induced by rotor 
nth harmonic. 

Erm =rotor bar voltage induced by rotor 
mth harmonic. 

Erm.=rotor bar voltage induced by rotor 
meth harmonic. 


If we use B with its proper subscript to rep- 
resent the maximum flux density of the 
various fields then, using per-unit notation, 


Esn=Bsn (8) 

Ern — Brn (9) 
nB 

Eam=—— (10) 
nB 

Erm =—— (11) 


which states that the voltages due to the 
nth fields are proportional to the magnitudes 
of those fields but that the voltage due to an 
mth field is n/m times the value of the mth 
field since the latter has a different space 
distribution. We noted before that: 


nB 
Brn=—— (6) 
m 
Thus we may write, 
W \2 n \2 
Bygn=Brat (=) Bint (2) JB oc 
my My (12) 
and, 
B; 
ies pas (13) 
n n 
Bee) 
my Me 
The mth rotor fields are: 
n/m, B, 
Bim =—>7 5 (14) 
n n 
ee) 
my Me 
and, 
n/m2B gn 


a NCE TERT (15) 
+(2)+(2) 
My, Me 
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Expressed in terms of the fundamental 
stator field density, and the pitch and dis- 
tribution factors, the rotor mth fields are, 


my, f4() +(*) | 
my, Me 
Kn (17) 


Brm= WN? n \2 
Mok, [1+(*) +(*) | 
™m\ m2 


Appendix B. Phase Relation 
Between the Harmonic. Fields 


If the fundamental fields due to each of the 
coils of a phase belt are added together the 
vector relations are shown in figure 7a. 
The vector representing the resultant field 
for the group lies at the center of the group 
of individual vectors. 

A similar vector addition for the fifth 
harmonic fields of the phase group is shown 
in figure 7b. The angle between vectors is 
now five times the angle between funda- 
mental vectors. Here again the resultant 
is located midway between the second and 
third vectors. 

Figure 7c shows the addition of vectors for 
the seventh harmonic fields but this time 
the resultant vector is negative and there- 
fore lies 180 degrees from the dotted line 
representing the center of the group. 

Continuing with the other harmonic fields 
it is found that some have a positive re- 
sultant located along the center of the group 
while with others the resultant is negative. 
Thus with respect to the resultant funda- 
mental field certain of the harmonic fields 
maintain the same phase relation that ex- 
isted for a single coil while for others the 
effect of grouping a number of coils together 
in a phase belt is to reverse the phase re- 
lation of fundamental and harmonic. The 
term phase relation is used here to indicate 
whether at the point of positive maximum 
of the fundamental the given harmonic has 
a positive or a negative value. To find 
whether a given harmonic will reverse its 
position for a group of coils as compared toa 
single full-pitch coil it is only necessary to 
solve the expression for the sum of a group 
of vectors separated by a uniform angle 


and note the algebraic sign. If 2 is the 
resultant vector, 

sin Nn— 
2 

2 eee (18) 
. a 
Sing 
2 


where WN is the number of vectors and na 
is the angle between them. When 2® is posi- 
tive the harmonic under consideration keeps 
the same relation to the fundamental that 
it has when a single coil is examined. If the 
sign is negative the harmonic reverses. 

By a similar process the effect of chording 
the winding may be investigated. In this 
case the top and bottom layers of the wind- 
ing are considered as two groups of coils 
displaced in phase by the angle by which 
the coil span differs from full pitch. The 
expression for 2 is solved for the case of 
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two vectors differing by 2 times this angle 
and the algebraic signs determine whether 
or not the mth harmonic is reversed due to 
chording. 

These relationships can be kept clear by 
using positive and negative signs for the 
distribution or breadth factor and for the 
chord or pitch factor. Thus the factor 
Kn in appendix A which is the product of 
these two factors will be either positive or 
negative. The torque formula in appendix 
C will also give either positive or negative 
results depending upon the algebraic signs 
of Kn and Km. Table II shows the torque 
components with their algebraic signs for a 
typical motor with various coil spans. 


Appendix C. The Torque 


Formula 


The torque developed between stator and 
rotor fields of the same harmonic order 
varies with the phase relation between 
them, reaching a maximum at 90 degrees. 
The maximum torque is proportional to 
the product of the magnitudes of the two 
fields. When dealing with several har- 
monics it must be kept in mind that for the 
same maximum flux densities the torques 
of various pairs of fields are also proportional 
to the harmonic orders. From these ele- 
mentary considerations we may write: 


(19) 


for any one particular harmonic. Substi- 
tuting the expressions for stator and rotor 
fields and including a proportionality factor 
the torque in per unit terms is, 


Torque <«mXBrmXBsm 


Torque = 
UV GAEE, = Vi 
n m L 7 (20) 
re Ne n 
mE? Ee +(*) TT sin 6 
my, My -} 
where, 


I; =locked current 

J, =rated current 

Im = Magnetizing current 

@ =phase angle between J; and J,, 
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A Decade of Progress in the Use of 


Electronic Tubes 


Part I—In the Field of Communication* 


S. B. INGRAM 


MEMBER AIEE 


HE dependency of the art of com- 

munication on the science of elec- 
tronics is so great as to make a review of 
progress in electronics almost of necessity 
a review of the field of communications 
itself. While it is true that the early 
forms of telephone and radio communi- 
cation advanced to a degree without the 
use of electronic devices as we know 
them today, the recognition of the 
vacuum tube as an amplifier and gen- 
erator of high-frequency alternating cur- 
rents in the years just preceding the first 
World War marked a turning point in 
the development of the communication 
art. From that day to this the progress 
of electronics and communications has 
gone hand in hand. The need of the 
communications engineer for new elec- 
tronic tools has kept him continually 
urging the electronics engineer to improve 
old devices and to originate new ones, 
and each time the efforts of the latter 
have been rewarded with success, the 
fruits of his work have been immediately 
applied to produce new and more startling 
miracles of long-distance communication. 

Because of the close relationship of 
electronics and communications it is 
necessary in reviewing the progress of the 
last decade to keep in mind that it is 
progress in electronics and not in com- 
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munications which is our theme. It will 
be necessary to survey the trends in com- 
munications during the period under 
review, but then it will be necessary to 
ask to what extent the progress which 
has been made is due to advances in the 
electronic field and what advances in the 
electronic devices themselves have laid 
the foundation of this progress. There 
has been no attempt made to make this 
review comprehensive in the sense that 
it include all items of progress which are 
of individual interest. To do so would 
make it merely a catalog of these many 
advances and an index to the periodical 
literature of the subject. Rather the 
object has been to trace the most signi- 
ficant trends of development in the 
various fields and to emphasize those 
lines of advance which appear to be most 
closely related to the general direction of 
progress in the several fields of electrical 
communication. 


The Trend in Radio— 
to Ultrashort Waves 


The history of radio has seen a con- 
tinual demand for expansion of the 
usable region of the frequency spectrum. 
Because the number of available com- 
munication channels is limited it has been 
necessary to ration the frequency spec- 
trum by governmental regulation and 
international agreement among the 
various users and classes of service. 
Existing services, most of which are 
experiencing a continual expansion, have 
completely absorbed the allocations in 
the intermediate and short-wave band 
and leave nowhere to place new services 
but in the ultrashort-wave region above 
30 megacycles. Not only are the new 
services forced to the ultrahigh fre- 
quencies by congestion at the longer 
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waves, but in some cases they are them- 
selves of such a nature that an adequate 
number of channels with the necessary 
band width can be obtained only at the 
high frequencies. Television and wide- 
band frequency modulation are cases in 
point. A band width of over four mega- 
cycles is required to transmit a modern 
high definition television image. Fre- 
quency-modulation systems at present 
proposed require a 150-kilocycle band. 
Radio relay systems for these same 
services will require band widths at least 
as great and can obviously be accommo- 
dated only in the ultrashort-wave region. 
The development of these and other 
wide-band services is therefore dependent 
on satisfactory means for working at 
ultrahigh frequencies, 

Another reason for the current interest 
in ultrashort waves is that new services 
are developing making use of their unique 
transmission properties. Their very 
shortness makes practical the construc- 
tion of directive antenna systems and 
this can be more easily accomplished the 
shorter the waves. Directivity, which of 
course can be applied only in the case of 
point-to-point services, greatly reduces 
the power requirements on the trans- 
mitter. For broadcast services the 
problem of interference between stations 
is simplified because the transmission of 
ultrashort waves is approximately limited 
to line-of-sight paths. To relate their 
propagation exactly to line of sight as 
has been frequently done in recent years 
is an oversimplification of the problem 
but it is probably true that the ultrashort 
waves will find few applications for ranges 
beyond 100 miles and that interference 
need not be feared beyond a few hundred 
miles at most. 

In the very front of this field, in the 
range of centimeter waves, that is above 
300 megacycles, the directive possibilities 
of ultrashort-wave systems become par- 
ticularly marked. Commercial applica- 
tions in this region are as yet few, but 
may be expected to increase rapidly in 
the future. As examples of the unique 
type of problem capable of solution only 
by the use of centimeter-wave technique 
may be cited the development of the ab- 
solute altimeter to measure the height of 
an airplane over the terrain by the re- 
flection of radio waves® and a 40-centi- 
meter airplane blind-landing system.’ 
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- The Trend in Television— 
to Electronic Television 


Television is an art which has de- 
veloped almost entirely within the last 
15 years. In no field is the close relation- 
ship between communications and elec- 
tronics better illustrated than here. All 
modern systems of television depend on 
the modulation of a carrier frequency 
wave by a video signal. This video 
signal is derived by scanning the picture 
in a series of horizontal lines, the ampli- 
tude of the video signal varying with the 
brightness of the individual picture ele- 
ment traversed by the scanning beam. 
The transmission of the modulated carrier 
is a radio problem in which the principal 
difficulties to be overcome are those 
related to the wide band required for a 
high-definition picture and to the high 
frequencies assigned for television trans- 
mission. At the receiver, demodulation 
and a second scanning process synchro- 


nized with the first are required to ré- 


construct the picture. The earlier sys- 
tems of television used mechanical scan- 
ning methods at both transmitter and 
receiver. These mechanical scanning 
methods had numerous disadvantages. 
They called for rapidly rotating me- 
chanical elements, perforated disks, lens 
disks, drums bearing mirrors, and numer- 
ous other devices of a mechano-optical 
nature. It is inherently more difficult to 
synchronize two rapidly rotating me- 
chanical systems than two electrical 
circuits on account of the inertia of the 
mechanical parts. It was hard to get 
sufficient optical efficiency either for 
satisfactory studio technique at the trans- 
mitter or a sufficiently bright image at 
the receiver. All these difficulties were 
magnified when the progress of the art 
called for the production of a high- 
definition picture, the mechanical prob- 
lems because a higher scanning speed 
was required, the optical difficulties 
because the light available was propor- 
tional to the area of the scanning spot 
and high definition meant a smaller spot. 
A solution was sought in electronic tele- 
vision. It was found first at the receiver, 
for the cathode-ray tube which had been 
used for some time as a laboratory tool 
had all the elements of an electronic 
scanning device for a television receiver 
and needed only to be adapted and 
improved for the purpose. For the 
transmitter, however, completely new 
devices had to be invented and they came 
in the form of the Iconoscope, the image 
dissector, and later modifications of these. 
Today electronic methods of scanning 
have replaced mechanical methods prac- 
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tically universally at the transmitter 
although it is as yet too early to say that 
some place may not be retained for me- 
chanical systems, for example in the 
scanning of film. At the receiver elec- 
tronic methods are also most generally 
used, the Scophony system*! being the 
outstanding example of a mechanical 
scanning method still successfully holding 
a place for itself. 


The Trend in Telephony— 

to Broad-Band Carrier Systems 

Electronic devices have played a major 
part in the field of long-distance telephone 
transmission for many years. In local 
circuits the attenuation is small enough 
so that no amplification between the 
transmitter and receiver is necessary to 
counteract it, but in all long-distance 
circuits attenuations are so great that 
without the vacuum-tube amplifier, or 
telephone repeater as it is called, com- 
munication would be impossible. The 
earlier systems were voice-frequency sys- 
tems in which one pair of conductors was 
used to carry each conversation. The ad- 
vantages of carrier systems in which one 
pair of conductors could carry several 
frequency channels each modulated with 
its own voice current were early recog- 
nized. Such systems generally carrying 
three speech channels have been in use for 
20 years or more. The total frequency 
band transmitted in these earlier systems 
was however limited to about 24 kilo- 
cycles. Within the last decade tremen- 
dous impetus has been given to the de- 
velopment of broad-band carrier systems 
where the frequency band transmitted 
may be as high as several thousand kilo- 
cycles. 

There are two general types of broad 
band carrier systems.*-!” There are 
those in which, by the addition of re- 
peaters and terminal equipment, the 
carrying capacity of existing conductors 
both cable and open wire can be greatly 
increased.11~-14 These systems in general 
will accommodate from 12 to 16 channels 
per pair and utilize carrier frequencies up 
to 145 kilocycles. They are extremely 
important from an economic standpoint 
since they permit great economy in the 
amount of plant required to accommodate 
an increase in traffic when existing facili- 
ties are fully utilized. Then there are 
the very broad-band coaxial-conductor 
systems.©'6 The circuit in this case 
consists of two concentric conductors 
separated by small dielectric spacers. 
Such systems are capable of transmitting 
exceedingly high frequencies with a 
maximum degree of shielding from out- 
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side interference. Their importance lies | 
not only in their ability to transmit as 
many as several hundred telephone con- 
versations simultaneously, but also in 
the fact that they present the only prac- 
tical means at present in prospect for 
setting up wire transmission systems 
capable of transmitting high definition 
images in television broadcasting net- 
works.!7 The detailed discussion of 
broad-band carrier systems is outside the 

scope of this paper. What does concern 

us here is the problem of amplification 
which must be accomplished by electronic 
means. In the cable carrier system 
attenuations run as high as 4 decibels 
per mile, in the coaxial system 8 decibels 

at two megacycles. If we envision 1,000 
miles of coaxial circuit the attenuation 
which has to be compensated by ampli- 

fication amounts to 8,000 decibels. This 

represents a total power amplification 

between terminals of 10%. The require- 

ments on the amplifiers of such a system 

are obviously very stringent. They must 

have a high degree of stability so that 

the power level at the terminals shall be 

constant, they must be linear so that the 

intermodulation products which would 

produce interference with one voice 

channel by another shall be negligible, 

and they must be capable of transmitting 

a wide band of frequencies. Such re- 

quirements can be met only by the 

stabilized-feed-back amplifier’# which is 

an electronic circuit development of the 

highest order of importance. Without 

this solution of the amplifier problem 

broad-band carrier systems as we know 

them today would be impractical. 

While considering carrier telephone 
systems we should pause to note one of 
the losses of electronics as a contender for 
supremacy in the telephone transmission 
field. Copper-oxide modulators and de- 
modulators have in general proved supe- 
rior from the standpoint of compactness, 
economy, and ease of maintenance to the 
vacuum-tube circuits formerly used for 
this purpose.18 


Progress in Electronic Devices 


So far consideration has been given to 
the trend of progress in the several major 
divisions of the communications field and 
it has been shown how electronics has 
played an important role in contributing 
to this progress. The remainder of the 
paper will be devoted to a review ot 
progress more specifically in the electronic 
devices themselves. In considering these 
it will be convenient to divide the devices 
into several broad classes: those de- 
pending primarily on thermionic emission 
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for their operation, those depending on 
secondary and photoelectric emission and 
the new science of electron optics, and 
those based on the phenomena of gas 
discharges. Finally a few of the most 
fundamental electronic circuit develop- 
ments will be described. 


Thermionic Devices 


The extension of radio into the ultra- 
high-frequency portion of the spectrum 
has been paralleled by a corresponding 
gtowth of interest in the development of 

vacuum-tube. devices for use at these 
frequencies. Those which have found 
most general use up to the present time 
are modifications of the familiar three- 
element or negative-grid vacuum tube 
designed particularly to fill the require- 
| ments of ultrahigh-frequency opera- 
_tion.°-21_ Major development efforts 
_ have proceeded in two directions; toward 
_ the generation of relatively small amounts 
of radio-frequency power at higher and 
higher frequencies, attempting to extend 
the useful portion of the radio spectrum 
into the region of the centimeter waves, 
and toward an increase in the usable range 
of power at more moderate frequencies in 
the lower parts of the ultrashort-wave 
region where television and frequency 
modulation have brought a commercial 
demand for radio transmitters. In the 
former class the frequency limit has been 
pushed up to 1,800 megacycles; in the 
latter water-cooled power amplifiers ca- 
pable of power outputs of approximately 
10 kw at 100 megacycles are now com- 
mercially available. 

The tendency of negative-grid tubes to 
produce unwanted oscillations due to 
the feedback of power from the output 
to the input circuits makes the problem 
of producing amplifiers at the ultrahigh 
frequencies more difficult than that of 
producing satisfactory oscillators. Meth- 
ods of neutralization which can be used 
at lower frequencies to prevent these 
oscillations from occurring become in- 
adequate at the higher frequencies be- 
cause of the inherent difficulties of circuit 
technique. The problem has been solved 
by the construction of special push-pull 
pentodes containing two tube structures 
within one envelope.?”** With such 
tubes, stable amplifiers with power out- 
puts of 10 watts at 250 megacycles and 
some measurable amplification as high 
as 500 megacycles have been constructed. 

Negative-grid tubes are used both as 
oscillators and amplifiers. Two other 
devices, both by their nature incapable of 
amplification but interesting as oscillators 
because their power-generating capacity 
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exceeds that of negative-grid tubes in the 
centimeter-wave region, have received 
considerable attention.24-8° These are 
the positive-grid or Barkhausen oscillator 
and the magnetron, Of these the latter 
has received the greater attention, 
Magnetrons depend for their operation 
on the curvature of the path of the elec- 
trons as they move under the influence of 
the electrostatic field between a filament 
and a surrounding cylindrical anode 
placed in a homogeneous magnetic field 
along the axis. Two general modes of 
oscillation exist. In the first the static 
negative-resistance characteristic of the 
tube is utilized. Operating in this mode 
magnetrons have been used to produce 
power outputs of as high as 450 watts at 
46 centimeters.”)8 Efficiencies in the 
range from 30 to 60 per cent have been 
reported. While this is considerably 
better than has been obtained with the 
negative-grid triode, there are difficulties 
of frequency stability and modulation 
with magnetrons, and these together with 
the additional complication of the equip- 
ment required to supply the magnetic 
field make them rather poor competitors 
of negative-grid tubes at these fre- 
quencies. The second type of magnetron 
oscillation is one in which the transit 
time of the electrons is approximately 
equal to the period of the radio-frequency 
output.” Operating in this manner the 
magnetron has established the record for 
ultrahigh-frequency wave generation at 
61,000 megacycles corresponding to a 
wave length of only 4.9 millimeters. 
For the conventional negative-grid 
triode the maximum power-handling ca- 
pacity has been shown to vary inversely 
as the square of the maximum frequency 
at which the tube is designed to operate” 
so that some new principle must be called 
into play if significantly greater power 
outputs are to be realized in the centi- 
meter-wave region. Very recently tubes 
operating on such fundamentally new 
principles have occupied a great deal of 
attention by research workers and show 
promise of giving performance con- 
siderably better than that yielded by 
negative-grid tubes both with respect to 
power output in the centimeter-wave 
region and to their maximum frequency 
of operation. They differ in their prin- 
ciples from conventional tubes in that 
the radio-frequency output is taken from 
the electron stream by induction in an 
anode element which is not the same as 
that which collects the current and which 
therefore does not need to dissipate the 
d-c power. The variations in electron 
density capable of inducing these radio- 
frequency currents are produced in two 
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different ways. In the inductive output 
tube*! the conduction current is modu- 
lated by a cathode grid structure exactly 
as in the ordinary triode. In the ‘‘ve- 
locity modulation” tube*? or in the so- 
called ‘‘klystron’’*’ the principle of velocity 
variation is used. A stream of electrons 
accelerated from a cathode passes through 
two grids between which a radio-fre- 
quency signal is applied. This signal 
retards or accelerates the electrons ac- 
cording to the phase of the cycle at which 
they happen to pass the grid giving rise to 
velocity variation of the beam which 
then passes through a field-free ‘drift 
space”’ in which the faster electrons catch 
up to the slower ones. A bunching or 
conduction current variation of the beam 
is thus produced and renders it capable 
of generating radio-frequency currents in 
the output electrodes by induction. 
Tubes of this design overcome two limita- 
tions inherent in the negative-grid type. 
Higher efficiencies may be attained be- 
cause the output electrode is not called 
upon to dissipate the tube losses and in the 
case of velocity-variation tubes transit 
time through the radio-frequency input 
section of the device is much less than in 
triodes since the electrons are moving 
with high velocity when they enter this 
space instead of having to accelerate from 
zero velocity. This greatly reduces ‘‘ac- 
tive grid loss’, that is, the increase of grid 
driving power required as the operating fre- 
quency is increased which is directly due 
to the transit time becoming comparable 
in magnitude with the radio-frequency 
period and which is the fundamental 
limiting factor in the high-frequency 
operation of negative grid tubes. In 
contrast to the magnetron, velocity-varia- 
tion tubes are well suited to operation 
as radio-frequency amplifiers. Experi- 
mental data on performance reported in 
the literature are meager as yet but opera- 
tion at frequencies as high as 6,000 mega- 
cycles (five centimeters) and oscillator 
power outputs of 500 watts at 750 mega- 
cycles have been reported." 

Space will not permit the mention of 
many detailed improvements in the 
general field of thermionic vacuum tubes, 
but some reference should be made to 
the application of electron optics to 
thermionic devices in the beam power 
tube.*8 In this tube the electron stream, 
which is confined to move in beams by 
accurately lined up grids and by electro- 
static deflecting plates, produces a space- 
charge potential minimum in the neigh- 
borhood of the plate which suppresses 
secondary emission just as the retarding 
field of the suppressor grid does in the 
ordinary pentode. Such tubes have re- 
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ceived wide acceptance as power ampli- 
fiers on account of the high efficiency 
obtainable with them. 

Wide-band amplifiers of the type re- 
quired in television receivers and in 
broad-band carrier systems require tubes 
with a high ratio of transconductance to 
interelectrode capacitance. Recently de- 
veloped tubes for these systems have 
shown considerable advances in this 
respect*”? and in view of the increasing 
importance of broad band systems, 
further advances can be anticipated 
along this line. 


Devices Based on Secondary 
Emission, Photoelectric 
Emission, and Electron Optics 


The devices which we will consider in 
this section are largely a group whose 
development has been brought about by 
the needs of the new art of electronic 
television. They have been made possible 
by the great advances made in the under- 
lying science of electron optics, and by 
putting to work the phenomenon of sec- 
ondary emission. The knowledge and 
application of the laws of electron optics 
have progressed to the point where beams 
of electrons can be focused and directed 
in accord with well-defined and well- 
understood laws. Electron images can 
be projected in space by electron lenses 
which consist of electric fields set up by 
suitably disposed electrodes at the proper 
electrical potentials or by magnetic fields 
from the appropriate current-carrying 
coils. 


The basic phenomena of secondary 
emission have been known for many 
years. Their effect in modifying the 
characteristics of vacuum tubes was also 
well known, the third grid in the ordinary 
pentode being introduced specifically for 
the purpose of suppressing secondary 
electron emission from the plate. It was 
not however until recently that it was 
demonstrated that since one electron 
impinging on a suitable surface with ap- 
propriate energy has the ability to release 
more than one secondary electron, it is 
possible to build electronic amplifying 
devices based on the phenomenon of sec- 
ondary emission. These devices are 
called secondary emission  multi- 
pliers.44”*" In general they consist of 
a number of successive electrodes whose 
surfaces have been suitably treated to 
give them a high secondary emission ratio 
and which are maintained at sufficient 
potential difference to give an optimum 
over-all multiplication to the device. If 
under these conditions a secondary 
emission ratio of m prevails, the multi- 
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plication in k stages is m*. Values of 
secondary emission ratio in present-day 
multipliers are typically in the neighbor- 
hood of four and the number of stages 
varies up to 16. Total over-all ampli- 
fications of several billion have been re- 
ported.4? The limiting output is deter- 
mined by power dissipation in the last 
stage and defocusing of the electron beam 
due to space charge. Multipliers can be 
associated with various types of input. 
When applied to a tube with a photo- 
electric input, multipliers can readily be 
produced with sensitivities as great as 
30 milliamperes per lumen or greater.** 


One advantage of such multipliers over 
the combination of a photoelectric cell 
and a thermionic amplifier is that no 
coupling resistor is required between the 
photoelectric-cell output and the first 
stage of amplification. Thermal noise in 
this resistor is therefore eliminated, and 
for this reason the photoelectric multiplier 
is capable of operating at much lower 
levels of illumination than the photoelec- 
tric cell with thermionic amplifica- 
tion.444° As described below, multipliers 
can be associated directly with the output 
of television pickup devices. Finally, 
secondary-emission multiplication ap- 
plied to the output of an ordinary ther- 
mionic vacuum tube offers attractive 
possibilities in the field of wide-band 
amplification since circuit problems could 
be greatly simplified if an amplifying 
device were available capable of giving a 
greatly increased gain per stage. The 
multiplier can do this and has the further 
important property that its amplification 
is essentially independent of frequency 
up to many megacycles where transit 
time becomes a limiting factor. One 
interesting commercial tube in which one 
stage of secondary electron multiplication 
is added to an ordinary tetrode, has a 
transconductance of 14,000 micromhos.** 


The electron optical problems of multi- 
plier design are worthy of special atten- 
tion because of the ingenious methods 
which have been devised for their solution. 
Earlier multipliers used magnetic focusing 
to assure that all the electrons originating 
on one stage were suitably collected on 
the succeeding one. Present-day multi- 
pliers are generally of the electrostatic 
type, the electrodes being so shaped that 
the equivalent focusing action is obtained. 
The problem of determining electron tra- 
jectories in ordinary multiplier structures 
is too complex to admit of ready mathe- 
matical solution. Electrolytic tank 
models for determining electric fields in 
complicated structures and mechanical 
models for determining electron trajec- 
tories have proved invaluable design 
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tools.4*44 In the latter method metal | 
spheres rolling on a stretched rubber 
membrane whose slope simulates the 
electric fields of the tube elements can 
be shown to trace out the trajectories 
with a highly practical degree of accuracy. 


In electronic television systems four 
types of pickup tubes are today in com-— 
mon use. The first is the image dis- 
sector.»-8 In this tube the visual image 
is focused on a photoelectric surface. 
The photoelectrons emitted are focused 
by means of an axial magnetic field in 
the plane of the scanning aperture. This 
whole image is then moved back and 
forth across this stationary scanning 
aperture, the image thus being “‘dis- 
sected.”” Since the aperture must be 
minute for a high-definition television 
picture, the current is very small and 
passes immediately into an electrostatic 
electron multiplier for amplification. The 
output from the last stage of this multi- 
plier is the video signal. 

The second pickup tube is the Icono- 
scope. 94 The essential element of 
this tube is the mosaic plate consisting 
of minute islands of photoemissive sub- 
stance backed by a thin insulating layer 
of mica the reverse side of which is covered 
with a conducting coating. This layer 
forms the output electrode of the device 
and to it the elements of the mosaic are 
capacitively coupled. The optical image 
is focused on the mosaic. Photoelectrons 
are emitted from the elements causing 
them to assume a potential which is de- 
pendent on the intensity of the light fall- 
ing upon them. The mosaic is scanned 
by an electron beam from an electron 
gun. This electron beam impinging on 
the surface under conditions in which the 
secondary emission ratio is greater than 
one recharges the element to a definite 
equilibrium potential and the variations 
in the recharging current required con- 
stitute the video signal which is trans- 
mitted to the output circuit through the 
capacity of the mosaic. 

The Iconoscope has the important 
advantage over the image dissector that 
its elements act to store charge during at 
least a portion of the scanning time and 
this stored charge is then swept away 
quickly during the traverse of the scan- 
ning beam, This gives it a considerably 
greater sensitivity than the image dis- 
sector and makes it suitable for taking 
scenes under many conditions of illumi- 
nation where the image dissector is in-- 
adequate. Balanced against this is the 
presence in the Iconoscope output of a 
spurious signal or “dark spot’ arising 
from the redistribution of photoelectrons 
and of secondary electrons from the 
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scanning spot over the whole mosaic 
surface. This spurious signal must be 
balanced out by the electrical insertion 
of a compensating signal from a special 
electrical network. The image dissector 
also has an advantage in being a directly 
coupled device the output of which con- 
tains information as to the general level 
of illumination of the picture. The 
Iconoscope being capacitively coupled 
gives information only as to variations in 
illumination, and its output must there- 
fore be continuously monitored to adjust 
for changes in background illumination 
as well as for the dark-spot signal just 
mentioned. At present the Iconoscope 
type of camera appears to have most 
general applicability on account of its 
greater sensitivity but the simplicity of 
operation of the image dissector gives it 
a field of use in special cases, for example 
in pickup from motion-picture film where 
adequate levels of illumination are easily 
obtained. 


Sensitive as the Iconoscope is on ac- 
count of its charge-storing property, still 
more sensitive pickup devices are urgently 
required by television techniques. Tests 
show that the charge storage in the mosaic 
is not greater than five or ten per cent 
what would be expected under ideal 
charge-storage conditions, being low be- 
cause the field which attracts the photo- 
electrons from the mosaic is small and 
because only a fraction of the secondary 
emission current reaches the anode. The 
super-emitron™ or its American counter- 
part the image Iconoscope® increase 
this low efficiency. In these tubes the 
photoelectric. surface is separated from 
the mosaic, an electron image of the 
electrons emanating from the former 
being focused on the latter by means of 
an electron lens. This mosaic is then 
scanned as in the Iconoscope. This ar- 
rangement enables two gains to be made. 
A more efficient photoemissive surface can 
be produced and the photoelectrons may 
be drawn away from it under conditions 
of voltage saturation. An over-all gain 
in sensitivity of about ten times over the 
Iconoscope has been achieved in practical 
tubes of this type. They are used to 
some extent in commercial television 
pickups particularly under low outdoor 
conditions of illumination. 


Another interesting pickup tube, the 
“orthicon,”’ has recently been described.” 
It differs from the Iconoscope in that the 
mosaic is scanned by a beam of low 
velocity electrons. The photoelectrons 
leave the surface under voltage saturation 
conditions giving the tube an over-all 
high efficiency and making the light re- 


sponse linear. Since the energy of the 
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scanning electrons is low, secondary emis- 
sion plays little or no part in the opera- 
tion of the device and the level of the 
spurious signal is low. Such devices 
appear to offer promise but problems of 
focusing a low-velocity beam are formid- 
able and the definition of pictures pro- 
duced with such tubes do not at present 
compare favorably with those obtained 
with the Iconoscope. 


For the picture tube in television re- 


ceivers the conventional cathode-ray’ 


oscilloscope tube needed only to be 
adapted, although many detailed im- 
provements have been required. Electron 
guns for producing high-current electron 
beams of accurate focus have been de- 
veloped.® Great progress has been made 
in the production and use of fluorescent 
materials. Much of the current de- 
velopment effort is directed at the pro- 
duction of tubes with a sufficiently bright 
image to enable optical projection onto a 
large screen.” Tubes for this purpose 
with electron-beam energies as high as 80 
kv are under laboratory investigation.” 


Gas-Discharge Devices 


In communication systems gas-filled 
tubes have found most general use as 
rectifiers to provide d-c power from a-c 
supplies or as relay devices in control and 
signaling systems. Use in circuits carry- 
ing the communication signals themselves 
has proved impractical because of the 
noise inherent in the gas discharge itself 
and various proposals for gas-filled ampli- 
fying devices have so far proved im- 
practical on this account. 

In radiobroadcast transmitters, mer- 
cury-vapor rectifiers have largely re- 
placed rotating machines for providing 
d-c supplies. Mercury-vapor rectifiers 
have been found to give efficient service 
with a minimum of maintenance for all 
outputs up to 20 kv and 100 amperes. 

Thyratrons or gas-filled rectifiers which 
contain a grid to control the starting of 
the discharge are also becoming widely 
used in rectifiers for battery charging in 
telephone central offices. By utilizing 
grid control in such tubes, regulated 
rectifiers can be built which automatically 
adjust the charging rate of the battery 
in such a way as to hold its terminal 
voltage constant as load and line voltages 
vary.7!72 This condition makes for long 
battery life and also eliminates the main- 
tenance required by manually adjusted 
chargers. 

In control and signaling systems one 
type of gas-filled device, the cold-cathode 
tube,” appears to offer prospect of ex- 


tensive use. In its simplest form it con- 


Ingram—Electronic Tubes 


sists of a gas discharge tube containing 
a cathode, an anode, and an auxiliary 
electrode. The passage of a small amount 
of current of the order of one microampere 
to this auxiliary electrode will control 
the starting of the anode current which 
can then be as large as 10 to 100 milli- 
amperes in existing types. The tube thus 
functions as an extremely sensitive relay. 
Dissimilarity of cathode and anode can 
be used to provide a rectification property. 
In recent years cold-cathode tubes have 
been extensively applied in four-party 
selective-ringing circuits for the selective 
signaling of telephone subscribers on 
party lines, 


Electronic-Circuit Developments 


The importance of the stabilized-feed- 
back amplifier in wide-band carrier tele- 
phone systems has been brought out. The 
principle of such amplifiers is basically 
very simple.’4 A portion of the output 
is fed back to the amplifier input usually 
through an attenuating network in such 
a manner as exactly to oppose the input 
signal.. This reduces the over-all gain of 
the amplifier and-also reduces noise and 
distortion usually in the same propor- 
tion.” With modern’ high-amplification- 
constant vacuum tubes the decrease in 
gain can be readily restored and the net 
result is an amplifier which is superla- 
tively better than the simple amplifier 
without feedback. The first major ad- 
vantage of such amplifiers is the linearity 
of their characteristics. In carrier sys- 
tems this is important since intermodula- 
tion which causes interference between 
the various speech channels can be prac- 
tically eliminated. To obtain this same 
result without the use of stabilized feed- 
back would require the use of vacuum 
tubes of much larger power ratings 
operated over a small portion of their 
characteristics with a consequently 
greatly reduced efficiency. The second 
advantage of the negative-feed-back 
amplifier is its stability. When the 
amount of feedback is large it can be 
shown that the over-all amplification de- 
pends only on the characteristics of the 
feed-back circuit and is practically inde- 
pendent of the amplifying circuit. Since 
the feed-back circuit contains only fixed 
circuit elements and no vacuum tubes the 
over-all. amplification becomes — inde- 
pendent of variations in tube character- 
istics and supply voltages. This stability 
is essential in a carrier system which has 
many repeaters in tandem if the total 
amplification between terminals is to 
remain constant. The third advantage 
is the ease with which the over-all gain 
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and the gain frequency characteristic of 
the amplifier can be controlled. These 
are functions only of the feedback circuit 
characteristic which can be given any 
desired shape by the introduction of ap- 
propriately designed equalizing networks. 
In carrier systems the attenuation-fre- 
quency characteristic of the line and the 
variations in attenuation-frequency char- 
acteristic with temperature can thus be 
almost exactly compensated by adjusting 
the gain-frequency characteristic of the 
repeaters. 

A great amount of technical interest 
and commercial activity is currently 
being devoted to a new form of radio- 
broadcasting known as wide-band fre- 
quency modulation.”»”6 It is as yet too 
early to say what the ultimate develop- 
ment of this system will be, but its most 
enthusiastic advocates foresee the obso- 
lescence of the present system operating 
within the broadcast band in the neigh- 
borhood of one megacycle and the de- 
velopment of a new ultrahigh-frequency 
system operating on the principles of 
frequency modulation. In conventional 
radio-telephone systems the amplitude 
of the carrier wave is modulated by the 
audio frequency. In the proposed sys- 
tem the frequency of the carrier is caused 
to vary back and forth over a frequency 
band approximately 150 kilocycles in 
width, the instantaneous deviation of 
the frequency from the mean being pro- 
portional to the instantaneous amplitude 
of the modulating audio signal. This sys- 
tem has several interesting features as 
compared with the existing low-frequency 
amplitude-modulation broadcasting. 
Natural atmospheric noise is inherently 
low in the ultrahigh-frequency region of 
the radio spectrum. Interference from 
automobile ignition systems, on the other 
hand, is more severe than at broadcast 
frequencies. The characteristics of the 
proposed frequency-modulation system 
are such that the radio-frequency interfer- 
ence-to-signal ratio may be higher without 
noticeable interference with the program 
than is the case with amplitude modula- 
tion. The same characteristics of the 
system which make this true are effective 
in reducing interference between stations 
on the same frequency. It is possible 
with frequency modulation to transmit 
programs of high fidelity without unduly 
high expenditures of power at the trans- 
mitter but this is done at the expense of 
using a wider frequency channel. 


The extension of high-frequency prac- 
tice to the centimeter wave region has 
called for new circuit techniques. As 
the frequency is increased the lumped 
inductances and capacities of the reso- 
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nant circuits decrease and the distributed 
constants of the connecting leads play a 
continually greater part in the circuit 
performance, In the ultrahigh-frequency 
region and particularly at wave lengths 
less than one meter, it becomes con- 
venient to do away with the lumped cir- 
cuit constants altogether and to use 
instead the resonant properties of trans- 
mission lines of either the parallel wire or 
coaxial types.” Such circuits are readily 


‘adjustable, convenient to work with, and 


the mathematical theory of their proper- 
ties is well understood. At still higher 
frequencies even transmission-line cir- 
cuits become impractical but at this point 
the resonant properties of conducting 
cavities can be exploited to advantage. 
It was demonstrated about four years 
ago” that a cavity whose boundary is a 
good conductor is capable of sustained 
electrical oscillations at certain charac- 
teristic frequencies determined by its 
geometry and that such cavities may be 
used advantageously as circuit elements 
associated either with sources or sinks 
of electromagnetic wave power. In some 
recent electronic devices, for example the 
velocity-modulation tubes and klystrons 
mentioned above, this principle has been 
invoked. The tube elements themselves 
have in effect been set directly into the 
walls of such resonant cavities.” 


Closely related to the phenomena of 
resonant cavities is the propagation of 
electromagnetic waves through hollow 
metal tubes or wave guides.”—*4 For 
simple geometrical shapes the theory of 
this form of electromagnetic wave propa- 
gation is well established.*° Propagation 
can take place only when the wave length 
is less than some critical value which is 
of the same order of magnitude as the 
diameter of the conductor. The method 
is therefore limited to the ultrahigh fre- 
quencies. Attenuations even at these 
extremely high frequencies can be made 
comparable with those of ordinary co- 
axial cable at the lower frequencies so 
that at the moment wave guides appear 
to offer considerable promise in future 
wide-band ultrahigh-frequency communi- 
cation systems. The end of a wave guide 
may be flared out into a highly directive 
electromagnetic horn which may be used 
either as a radiator or receiver of ultra- 
high-frequency waves. The resulting 
power gains are comparable with or even 
greater than those of the more conven- 
tional directive antenna arrays now in 
general use.©~* The rapid development 
of the understanding of the transmission 
properties of ultrashort waves in wave- 
guide systems has provided a further 
impetus for the development of electronic 
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devices capable of generating and ampli- 
fying these ultrahigh frequencies. 
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A Decade of Progress in the Use of 


Electronic Tubes 


Part I—In Other Than the Field of Communication” 
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Synopsis: The past ten years include nearly 
the whole period during which electronic 
tubes have been used outside the communi- 
cation field. The types of tubes used in this 
field may be classified into groups, each 
having properties that make it valuable in 
certain phases of industry or in specific ap- 
plications. The references are grouped ac- 
cording to nature of application and repre- 
sent a selected group chosen by careful 
elimination from several thousand. 


N comparison with the communication 

field, the use of electronic devices in 
other industry has played an entirely 
different role. In communication in 
general and in radio in particular, tubes 
and tube developments have been basic 
to most improvements. They have been 
truly called the ‘“‘heart”’ of nearly all radio 
apparatus. In other industry, however, 
they have in general had to supplant other 
methods and to compete in highly de- 
veloped fields of electrical engineering. 

The use of tubes in the noncommunica- 
tion field has passed through several 
broad phases. At first they were looked 
upon with a certain amount of mistrust 
as being rather fragile playthings entirely 
unsuited for the severe conditions en- 
countered in the industrial field. Next, 
as a result of the increased popular in- 
terest in science and the optimism of the 
late 20s, they became ‘‘wonder”’ devices 
and their wide use in nearly every elec- 
trical field was freely predicted. 

Within the past few years, a more 
realistic viewpoint has prevailed and 
much solid progress has been made. It 
is realized that there is no magic in an 
electron tube, and the tube must either 
accomplish something that cannot be 
done by any other means or make its 
own way against competition solely on 
the basis of what it can do for less cost 

' than existing methods. 


Scope of This Review 


The last decade includes the greater 
part of tube activity in this field, but 
reference is necessarily made occasion- 
ally to earlier work to clarify or to com- 
plete the picture. 
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Electrons are now known to play such 
an active part in so many devices that, 
in the interest of brevity, certain devices 
are not included in this review. These 
omissions are neon lights as well as other 
gaseous light sources, ultraviolet tubes, 
X-ray tubes, pumped mercury-arc tanks, 
iron-wire ballast tubes, mercury and 
vacuum switches, and uses in phono- 
graphs and talking moving pictures. 
This review is also limited to American 
references in the interest of brevity. 

Due to the activity in this field and the 
relatively long period covered, only a 
small fraction of the available references 
areincluded. Those included were chosen 
on the basis of availability, general nature 
of treatment of subject, and their use of 
further references. 

The emphasis in this review has been 
placed mostly on tube applications rather 
than the tubes themselves. This has been 
done because of the wider interest in 
applications and because the review must 
be kept to a reasonable length. The ref- 
erences to tube design have been included 
only when they were important from the 
viewpoint of new applications or unless 
similar tubes were not used in communica- 
tion. 


Arrangement of References 


In general the references are classified 
under headings similar to those employed 
by the AIEE in indexing its TRANs- 
ACTIONS in past years. 


Factors Favoring the 
Use of Tubes in Industry 


In competing with rotating equipment, 
the use of tubes eliminates noise, vibra- 
tion, and the need of special foundations. 


The ability to amplify from very low 
input levels both in high-vacuum and gas- 
content tubes makes them unique elec- 
trical devices. Their amplification can 
also be made continuously variable rather 
than step-by-step. 

Tubes provide cycle-by-cycle and frac- 
tional-cycle control. 
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Tubes in combination with such de- 
vices as thermocouples, microphones, 
photoelectric cells, and movable capaci- 
tance plates permit electrical response to 
temperature, sound, light, and motion. 
Therefore, they extend control operations 
to variations in sensory response. 

Tubes also find ready application where 
they extend certain factors to extreme 
limits. Timing to very short intervals, 
response to extremely small electrical 
quantities, and control from very small 
movements are examples of this. 

They operate relatively independent of 
frequency in comparison with most other 
electrical devices. 


Factors Retarding the 
Use of Tubes in Industry 


The relatively high cost of tubes in 
combination with the fact that they are 
renewable items has retarded their 
application. 

Their mode of operation and applica- 
tion has not been so commonly under- 
stood as other electrical devices. 

Considerable engineering knowledge 
and effort are often required to work out 
a new application successfully and in 
some cases the expense of this apparently 
cannot be justified from the viewpoint of 
available business. 


A General Summary 
of Types of Tubes 


The following comments are based 
on tube types and applications outside the 
communication field. 


HicH-Vacuum DIODES 


These tubes are inherently rectifiers 
only and are suitable for use where high 
frequencies are involved. Their use is 
also limited in general to currents of 
about an ampere. They are suitable, 
however, for voltages up to the hundreds 
of thousands. 

The early applications of this type of 
tube were for the purpose of obtaining 
high voltage (25 to 150 kv) for smoke and 
dust precipitation as well as high-voltage 
cable testing by power companies. This 
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_ use has continued and grown to some ex- 


tent. They also find a wide variety of 


application, but in limited quantities, in - 


laboratories for high-voltage, low-current, 
d-c power supplies. 


~HicH-Vacuum Tunes WItH 


CONTROL GRID OR GRIDS 


This class of tubes involves one or more 
control electrodes; their chief functions 
are as amplifiers and oscillators. They 
range in ratings from less than a watt to 
over 100 kw. 

There are probably hundreds of thou- 
sands of these tubes in daily operation in 
a bewildering variety of circuits. By 
far the big majority of them are radio- 
receiving-tube types used in oscillating 
and amplifying circuits. In some cases, 
requirements of power output or a special 
operating condition has dictated special 
types. Automatic train control, high- 
frequency therapeutic oscillators, and 
low-grid-current amplifier tubes are ex- 
amples of such special designs. There 
are many others. 

The literature contains hundreds of 
articles on special applications of this class 
of tube and thousands of references are 
made to their use in the literature. 


Hot-CaTHODE GAS-FILLED DIODES 


This class of tube is utilized for recti- 
fication of heavier currents at lower fre- 
quencies and voltages than the high- 
vacuum type. Gas-filled tubes have a 
relatively low and constant voltage drop 
in comparison with high-vacuum tubes. 

There is one field where the great ma- 
jority of tubes of this type are used and 
that is for low-voltage battery charging. 
Most of these are tungsten filament, 
argon-filled tubes for currents under ten 
amperes, and for direct voltages under 
125. 

Another group of rectifier tubes of this 
class utilizes mercury vapor and is suit- 
able for voltages up to about 20,000. 
Although the great majority of such tubes 
are used for d-c power supply of radio 
transmitters, some are used for high- 
voltage testing and to supply direct 
current for high-frequency tube oscilla- 
tors. 

Similar tubes are also employed in 
rectifiers to supply power at the lower 
standard voltages—125, 250, 500, and 
650—to replace power formerly obtained 
from a d-c Edison system or private 
generating plant. 


Hot-CATHODE GAS-FILLED GRID- 
CONTROLLED TUBES—THYRATRONS 


The control action of this type differs 
from the high-vacuum type in that only 
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the start of the discharge is controllable, 
They are particularly suitable for con- 
trolling currents of a few amperes from 
a-c circuits. Their ability to control by 
cycles of the a-c supply leads to a number 
of valuable applications. 

One of the earliest commercial applica- 
tions for this type of tube was for the 
control of the illumination from  in- 
candescent lamps used in theaters and 
decorative lighting. In this application 
they functioned as controlled rectifiers 
to supply a variable direct current to 
saturation reactors. These latter func- 
tioned as variable reactors in series with 
the groups of lamps. 

Within the past few years, applications 
have fallen largely into certain classes: 


(a). Rectifiers to supply variable voltage 
or current from an a-c source of supply. 
This combination is employed to control 
d-c motors, field excitation of generators, 
and various electromagnetic devices. 

(b). Inverters to supply either constant or 
variable-frequency a-c power (up to a 
limit of a few hundred cycles) from a d-c sup- 
ply. Asa variation of this the same general 
principle may be used for frequency chang- 
ing. 


(c). The use of a pair of tubes connected 
“back-to-back” so that in combination they 
pass alternating current. This gives a cir- 
cuit element that not only acts as a con- 
tactor but by phase control of the grid 
voltage permits variation of the current 
passed. These tubes are so used in some 
welding control circuits where too large cur- 
rents are not involved. 


During recent years there has been 
a trend toward the use of inert gases, such 
as argon, neon, or xenon, to replace mer- 
cury vapor. This gives this class of 
tubes a freedom from ambient tempera- 
ture effects that are sometimes trouble- 
some with the use of mercury-vapor 
tubes. They are, however, not usable for 
peak inverse voltages up in the thousands 
as in the case of mercury vapor tubes. 
For small tubes to handle fractions of an 
ampere, the inert gas content also allows 
operation as an inverter up to thousands 
of cycles. 


CoLp-CATHODE GLOW-DISCHARGE TUBES 


These are particularly applicable where 
filament operating power is not available 
and where ample control voltage can 
be employed. These tubes are often 
equipped with control electrodes. They 
are characterized by a higher voltage 
drop than the hot-cathode or pool type 
of gas-content tube. Also the current- 
carrying capacities are limited to a frac- 
tion of an ampere average current except 
that currents up to a hundred amperes 
or more can be carried for very short 
periods of time. 


Whte—Electronic Tubes 


The two-electrode form has a number 
of applications that may be classified as 
follows: 


(a). Asa discharge tube to break down at 
some abnormally high voltage and thus act 
as a circuit protective device. 


(b). Asa voltage regulating device to place 
across a circuit. This use results from the 
characteristic of such a tube, with proper 
design, to pass a wide range of currents with 
a nearly constant voltage, 


(c). As a negative-resistance element to 
generate oscillations by the relaxation cir- 
cuit principle. 


(d). Asa rectifier based on the dissimilar- 
ity of the two electrodes. 


(e). To produce light in accordance with 
the pulses of current through the tube. The 
light produced may be extremely intense 
for a very short time as for stroboscopic 
work or modulated in accordance with a 
variable current intensity or frequency. 


When one or more control electrodes 
are added, the characteristics of a relay 
are gained. The applications listed above 
are retained and in some cases their scope 
extended. To date the three-electrode 
form has largely found its usefulness in 
the communication field but has wide 
relay possibilities in industry as it be- 
comes better known and further de- 
veloped. 


PHOTOELECTRIC TUBE 


In industry the photoelectric tube is 
performing many functions not possible 
by other means. In addition it is be- 
coming an important agent in eliminating 
routine human effort. In combination 
with an amplifying tube, it is finding its 
place in applications where the eye and 
the hand are needed but not the brain. 

During the past ten years, photo- 
electric-tube applications in great num- 
bers have been made and, due to their 
apparent news value, widely publicized. 
Development of the photoelectric tubes 
themselves has been along the lines of 
smaller size, greater sensitivity, selective 
response in the spectrum, and novel me- 
chanical designs for special applications. 
Lowered cost has also been helpful in 
extending their use. 

Their applications may be grouped 
into three general classes: 


(a). Applications in which a light beam, 
when interrupted or established, actuates a 
photoelectric relay. Examples of this are 
sorting, counting, door opening, hole de- 
tection, alarm systems, safety devices, and 
miscellaneous control jobs in industry. 


(b). Applications where the tube and its 
accessories are actuated by variation in the 
amount of light falling upon it. Examples of 
this are smoke detection, check on turbidity 
of solutions, photometry and radiation 
measurement. 
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(c). Applications utilizing the difference in 
response of photoelectric tubes to light from 
different parts of the spectrum either di- 
rectly or by the addition of filters. 


Photoelectric tubes may be grouped 
according to the combination of features 
they employ. These classifications are: 


(a). High-vacuum or gas-filled to increase 
their sensitivity. 


(b). Nature of photoemissive surface which 
controls sensitivity and response to different 
parts of spectrum including the ultraviolet. 


(c). Design and composition of bulb to 
transmit or restrict light flux from different 
parts of the spectrum to the photoemissive 
surface. 


(d). Variations in mechanical design to 
adapt the photoelectric tube to special 
uses involving size, nature of base and direc- 
tion, and degree of solid angle from which 
radiation reaches the photoemissive surface. 


Existing photoelectric tubes have vari- 
ous combinations of these features. 

Photovoltaic cells and selenium cells 
have not been considered within the scope 
of this review. 


Poot TusBEs—IGNITRONS 


The outstanding characteristic of the 
pool cathode is its ability to pass very 
heavy currents—thousands of amperes. 
The addition of the ignitor gives the pool 
tube control characteristics. By phase 
control, voltage and current regulation 
are obtained and, by cycle control, short- 
time switching functions. 

For a considerable number of years, 
preceding about 1933, the sealed-off pool 
type of tube had been slowly experiencing 
a decline in usefulness. Its chief applica- 
tions were battery charging and high- 
voltage rectification for series arc lamps 
for street lighting. These were not 
growing applications. Then two new 
developments appeared which changed 
this picture completely. One was the 
ignitron and the other was the sealed 
steel envelope. The first solved the 
starting problem and gave the pool type 
the equivalent of grid control. The 
latter made large tubes and water-cooling 
practical and the tubes more acceptable 
to industry. 

Since 1933 the use of pool tubes has 
grown steadily. Most of this growth has 
been in the welding control field where the 
tube’s ability to carry very heavy peak 
currents has been an all important factor. 
The use of the sealed-off steel envelope 
ignitron for power conversion rectifiers 
for outputs between 75 and 350 kw has 
begun and appears to be a promising field. 


CaATHODE-Ray TUBES 


In industry the use of a fine beam of 
electrons to produce and control a light 
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spot on a fluorescent screen for oscillo- 
graphic purposes is most common. These 
tubes can also be used for various forms of 
indicators. 

For many years cathode-ray-tube os- 
cillographs were considered as laboratory 
devices only but now they are commonly 
employed by electrical engineers and are 
necessities for many measurement prob- 
lems. A better understanding of them, 
together with better-designed equip- 
ment and lowered cost, have been the 
chief contributions. 
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T IS interesting to recall that this art 

is less than a century old! and that the 
early experimenters? actually worked in 
the frequency range now called “‘hyper 
frequencies.” 

The same basic principles are used at 
power frequencies and radio frequencies in 
the measurement art but the different 
techniques and nomenclatures often ob- 
scure this fact. These differences have 
arisen because the magnitudes of the 
fundamental quantities usually are widely 
separated. As the frequency is increased, 
the circuit usually changes markedly* 
since elements which are negligible at one 
frequency often become important in the 
new range. Size, design, and required ac- 
curacy also affect measurement problems. 

It is the purpose of this paper to discuss 
the more common measurement problems 
at radio frequencies and to give a résumé 
of the status of this rapidly growing art. 


Measurements of Voltage 


The primary standards of voltage at 
radio frequencies are actually the usual d-c 
standards, and measurements are made 
by means of transfer instruments. The 
most popular instrument is the vacuum- 
tube voltmeter* which is available in 
forms ranging from the simple diode recti- 
fier to a multitube inverse-feedback ampli- 
fier. All forms have the following charac- 
teristics in common: high input resist- 
ance, 0.25 to 10 megohms; low input 
capacitance, 1.5 to 30 micromicrofarads; 
response proportional to peak or average 
value, depending upon design; flat fre- 
quency response over the range for which 
they are designed, and they require a 
power supply. Because some forms of 
this instrument are so reliable and versa- 
tile, it is really no problem to measure 
radio-frequency voltages for a wide 
variety of conditions. The problem of 
obtaining a voltage measurement without 
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affecting the voltage being measured is 
more common at radio frequencies than 
it is at power frequencies. The acorn- 
type vacuum tube is generally useful 
when this problem is encountered because 
of its small size and good electrical charac- 
teristics. Even under conditions which 
require that the small capacitance of this 
tube be compensated for, good measure- 
ments have been obtained. In fact, with 
proper technique, the acorn diode has 
given satisfactory operation at 300 mega- 
cycles per second. Conditions sometimes 
require that the diode voltmeter be built 
into the circuit® to avoid the errors which 
would result from moving even such a 
small device from one part of the circuit 
to another. 

The vacuum thermocouple® is also a 
useful transfer device at radio frequencies 
because of the following characteristics: 
small frequency corrections, one cali- 
brated on direct current has a correction 
less than one per cent at 100 megacycles 
per second; response to-effective value 
regardless of wave shape; small size; and 
it is a passive network, primarily resis- 
tive. In addition, there is the cathode- 
ray tube which is rapidly gaining favor 
because it gives information as to wave 
form and frequency as well as magnitude. 
At present, it is much more expensive 
and more difficult to use than the other 
devices. 

The radio engineer is often concerned 
with the microvolt, but none of these 
instruments is sufficiently sensitive to 
measure such small voltages so indirect 
means are employed to effect these meas- 
urements. A common way is by com- 
parison with a voltage obtained by at- 
tenuating a voltage of the order of one 
volt by known amounts.’? Another way 
to obtain microvolts is to generate them 
with a microvolt generator or second 
harmonic generator.’ Figure 1 shows one 
form of the microvolt generator, and 
figure 2 is a schematic diagram of it. It 
is a full-wave rectifier so connected that 
the usually unwanted ripple current is 
used to generate a known voltage across 
the known impedance, Z. It depends 
upon the fact that if the tube characteris- 
tics are square law, the only output will 
be at twice the frequency of the input 
voltage and the peak value of this output 
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current will be equal to the change in 
direct current in the plate circuit, When 
the tube characteristics depart from the 
square law, higher-order even harmonic 
currents are generated. It has been 


found practical to use the sixth harmonic. 


The essential fact is that no fundamental 
or odd harmonics are present and the 


radio-frequency current is indicated by a 


d-c microammeter. 

When special problems arise, such as 
measuring 0.1 microvolt, which cannot be 
readily solved by either of the methods 
described, it is usually wise to refer to the 
work of Faraday, Maxwell, Hertz, and 
other pioneers. A  mutual-inductance 
attenuator based on Maxwell's formula? 
and tested at high level was found easy 
to construct, test, and use to obtain volt- 
ages of the order of 0.1 microvolt at 40 
megacycles per second. 

The problem of measuring high voltages 
at radio frequencies is usually solved by 
using some form of multiplier with a 
moderate-voltage instrument as it is at 
power frequencies. The problem of de- 
signing the multiplier has no satisfactory 
general solution, but when capacitance 
dividers cannot be used, a tuned circuit or 
a quarter-wave section of transmission 
line may provide the solution. 

The problem of inventing a practical 
standard of voltage at radio frequencies 
is fascinating and tantalizing. The phe- 
nomenon of resonance potential" in gases 
appears to have promise. A tube in 
which this phenomenon was observed is 
shown in figure 3. It consists of an anode 
and cathode sealed into a tube along with 
a drop of mercury and a coating of zinc 
sulphide. The anode is like the grid of 


an ordinary vacuum tube so that many 


of the electrons will go beyond it to strike 
mercury atoms. Those electrons having 
an acceleration of 4.87 volts cause radia- 
tion at a wave length of 2,537 angstrom 
units and this radiation is made visible 
by the fluorescence of the zinc sulphide. 
The problem remaining is to get precise 
correlation between the impressed volt- 
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Figure 2. Sche- 
matic diagram of mi- 
crovolt generator 


There 
must be a way to harness the electron. 


age and the resonance potential. 


Measurement of Current 


The primary standard of current at 
radio frequencies is the oscillating-ring 
type of electrodynamic ammeter,!! figure 
4. Although unconventional in its 
method of indication, the oscillating-ring 
type of electrodynamic ammeter is simple. 
It is essentially a metal ring, free to rotate 
about a diameter, and immersed in an 
electromagnetic field produced by the cur- 
rent being measured. The field tends to 
orient the plane of the ring parallel to the 
flux lines with a torque proportional to 
the mean square current and to the small 
angular displacements of the ring’s plane 
from this torque node. Therefore, if the 
ring is mechanically displaced and then 
released, it oscillates about the torque 
node, until damping brings it to rest, with 


Figure 1. Micro- 
volt generator with 
indicator 


a frequency of torsional oscillation pro- 
portional to the rms current. To obtain 
the value of a current, then, instead of 
noting the deflection of a pointer on a 
scale, the observer determines the me- 
chanical frequency, F,,, of oscillation of 
the ring. 

The actual measurement required for 
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each determination is that of time, a 
fundamental measurement which can be 
made with great accuracy. Mathemati- 
cally, the high-frequency current is given 
by the equation, 


(2) 


where J, L, and m, are the ring’s moment 
of inertia, inductance, and coefficient of 
mutual inductance with the exciter and 
are calculable from measurements of 
lengths and mass which need be made but 
once for the instrument. Since the 
fundamental measurements of length, 
mass, and time suffice for the determina- 
tion of current in this instrument, it is a 
primary standard. That the required 
measurements of length, mass, and time 
can be made, and the necessary computa- 
tion carried out, with accuracy, has been 
demonstrated by checking several differ- 
ent designs of vibrating-ring electrody- 
namic instruments against thermocouple 
ammeters at frequencies below the ther- 
mal error range of the latter. 

As to structural details of this type of 
instrument, the exciter or current-carry- 
ing circuit, in whose field the ring is 
placed, is not restricted to any one form. 
For example, a single circular loop has 
been found useful for low currents and a 
single toroidal turn (figure 4) for large 
currents. In any case, its form does not 
require high inductance, nor does its func- 
tion require an energy-consuming heating 
effect. Neither is large shunt capaci- 
tance, inherent in the temperature equal- 
izing terminals of thermocouples, at all 
necessary. 

The support for the ring may be a 
simple fiber suspension, or jeweled bear- 
ing for greater sturdiness. 

The determination of the mechanical 
frequency of the ring’s oscillation may be 
done quite closely by an observer with a 
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stop watch, or with greater precision by 
a light beam and photoelectric relay in 
conjunction with a two-pen tape chrono- 
graph and a time standard. 

The oscillating-ring type of electro- 
dynamic ammeter possesses a unique 
combination of characteristics. In con- 
trast to the deflection types!” of electro- 
dynamic instruments, its impedance is 
independent of current, and it is not sub- 
ject to loss of precision nor to limitation 
on maximum current by a cramped scale, 
As in other electrodynamic ammeters for 
high frequency, the effect upon its indica- 
tion, produced by raising the frequency of 
the current, is calculable and small. In 
contrast to the effect in thermal am- 
meters, it decreases with increasing fre- 
quency. This follows from the fact that 
whereas thermal ammeters depend upon 
effective resistance which continues to in- 
crease with frequency, electrodynamic 
instruments depend upon flux linkages or 
inductance which approaches a fixed limit 
as frequency is raised. For example, in a 
conventional five-ampere thermocouple, 
the change in indication was calculated to 
be 1.6 per cent between 0.5 and 5.0 mega- 
cycles, and over 40 per cent between 5 and 
50 megacycles; whereas in one electro- 
dynamic instrument used, the correspond- 
ing figures were 0.77 per cent between 0.5 
and 5 megacycles, and only 0.25 per cent 
between 5 and 50 megacycles. 

A secondary standard of current at high 
frequencies, like one at power frequencies, 
should be capable of insertion in a circuit 
without seriously affecting the operation 
of either the circuit or the instrument. 
Furthermore, essentially all the radio- 
frequency current led to the “‘high’”’ ter- 
minal should traverse the actuating ele- 
ment, and no indication should be had 
from strong surrounding fields. It is also 
desirable that high-frequency error in the 
actuating element be minimized. 

The design of a low-impedance thermo- 
couple-type ammeter indicates the meth- 
ods applied to meet these requirements. 
In this low-impedance design, the actuat- 
ing element or heater is a thin flat ribbon 
doubled back on itself with a thin mica 
separator between its inner surfaces. In 
order to preserve the advantages of mini- 
mum inductance and negligible stray 
fields inherent in this type of heater, its 
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Figure 3.  Critical- 
voltage tube 


supporting studs are made short and con- 
centric. The center stud, having its ex- 
ternal end flattened and drilled to serve 
as the ammeter’s “‘high”’ terminal, visible 
in figure 5, intrudes through an insulat- 
ing bushing in a small shallow cup so that 
it makes contact with one flat end of the 
heater whose other end, opposite the mica 
separator, is mounted on the center of the 
cup’s bottom. The cup, shown removed 
from the ammeter in figure 6, is recessed 
in the ammeter’s back plate which itself 


Figure 4. lHigh- 
frequency electro~ 
dynamic ammeter 


serves as the external ‘‘low’ terminal, 
seen in figure 5. The shielding effect of 
this concentric “‘low’”’ terminal is contin- 
ued about the miniature d-c instrument 
by the small contiguous metallic case and 
scale plate. 

The effect on performance at high fre- 
quencies, which the above features of de- 
sign have produced in the low-impedance 
thermocouple-type ammeters, is indicated 
by the results of comparative tests such as 
those described below. 

For example, two conventional ‘‘high- 
frequency design’ thermocouple am- 
meters when placed in series, read alike 
at 32 megacycles, one per cent different at 
42 megacycles, and three per cent dif- 
ferent at 52 megacycles; but these same 
instruments when individually placed in 
series with the low-impedance type in- 
strument, with the latter in the ‘“‘low” 
side of the circuit, each read the same as 
the low-impedance ammeter. 

A further indication of the low imped- 
ance of this type of instrument is given 
by the fact that when applied as a series 
resonance indicator in a conventional 
wavemeter circuit, it allowed extension of 
the top frequency from about 150 to 360 
megacycles at the same time permitting 
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the use of a larger inductance loop. The 
wavemeter!’ smoothly covered a band 


an 


‘a 


from 160 to 360 megacycles, with a ca- — 


pacitor of 25 micromicrofarads maximum 
capacitance and an inductance compris- 
ing slightly more than one turn one inch 
in diameter in addition to the capacitor 
leads. The inductance of the instrument 
is 0.005 microhenry. 

The effectiveness of its shielding has 
been demonstrated in a test in which a 
number of thermocouple-type ammeters, 
including both the low-impedance and 
conventional types, were placed directly 
in radio-frequency fields. Between 15 


and 90 megacycles, the ammeters were 
placed within one-quarter inch of the tank 
coil of a 50-watt oscillator, and between 
260 and 380 megacycles they were placed 
in the maximum field of the tank lines of 
Al- 


a line-controlled 15-watt oscillator. 


though conventional-design ammeters 
during these exposures, with no current 
actually applied, gave readings ranging 
from zero at lower frequencies to more 
than full scale at higher frequencies, the 
low-impedance type instruments under 
the same conditions uniformly maintained 
a reading of zero. 

Thus, when the low-impedance thermo- 
couple-type ammeter is inserted in a cir- 
cuit, it introduces a minimum of reaction 
on the circuit, remains unaffected by sur- 
rounding fields, and indicates no more nor 
less than the current entering its ‘‘high’’ 
terminal. In addition to the demonstra- 
tion of these characteristics prerequisite 
in a secondary standard of high-frequency 
current, further tests have shown that 
skin-effect error at high frequencies in the 
doubled-ribbon heater has been greatly 
reduced below that found in the solid- 
wire type of heater. 

The concepts of Faraday are particu- 
larly helpful in problems of measuring cur- 
rent at high frequencies, because when 
high-frequency currents of any size flow, 
the fact that the energy is in the fields 
becomes apparent. For example, men 
standing six to eight feet away from a ten- 
kilowatt oscillator operating at 75 mega- 
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ce = A ? - 

cycles have felt their ankles get warm. 
This approach to a current-measuring 
problem leads to correct application of 


available instruments because the way 


high-frequency currents divide in a par- 
ticular circuit becomes reasonable when 
the fields are considered. When a spacer 
is thought of as a dielectric medium rather 
than as an insulator, the “mysterious” 
loss of current in a circuit becomes an ex- 
pected occurrence. 


Measurements of Frequency 


A primary standard of frequency is an 
oscillator whose rate is substantially con- 
stant when determined by counting the 
number of oscillations and dividing it by 
the time taken to produce them. The 
unit of frequency is, therefore, based on 
the standard second which is 1/86,400 of 
the mean solar day or 1/86,164.100 of the 
sidereal day. The National Bureau of 
Standards maintains several primary 
standards of frequency and makes some 
of them available for general use by means 
of standard frequency transmissions over 
station WWV, Beltsville, Md. Many 
laboratories maintain primary standards 
of frequency by using the WWV standard 
frequency transmissions and the United 
States Naval Observatory time signal!‘ 
transmissions to check them. The count- 
ing of radio-frequency oscillations may be 
accomplished by means of a combination 
of electronic counter circuits and a me- 
chanical counter. The multivibrator® or 
relaxation oscillator is commonly used for 
the electronic counter and a synchronous- 
motor clock for the mechanical counter. 
Rates constant to one part in ten million 
are commonly obtained by means of 
quartz-crystal-controlled oscillators oper- 
ating at 100,000 cycles per second. 

In many cases, a signal from the oscil- 
lator or transmitter whose frequency is to 
be determined can be brought to the pri- 
mary standard and the measurement 
made by direct comparison. When this is 
not practical and an accuracy of 0.1 per 
cent is acceptable, the common absorp- 
tion-type wavemeter consisting of an in- 
ductor and a capacitor connected in series 


“HIGH” 
TERMINAL-—— 


thermocouple 


Low-impedance 
ammeter (rear) 


Figure 5. 
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can be used. The operation of this de- 
vice depends upon the following relation 
between frequency, inductance, and ca- 
pacitance: 


pens 

2n/LC 
When greater accuracy is required, some 
form of the heterodyne wavemeter may 
be used. The heterodyne wavemeter is a 
calibrated oscillator which can be tuned to 
the frequency of the unknown signal with 
great accuracy by one of the beat note 
methods. When a quartz-crystal-con- 
trolled oscillator is used to check the cali- 
bration of the heterodyne oscillator, an 
accuracy of 0.001 per cent can be ob- 
tained. 

The problem of measuring higher and 
higher frequencies stays with us as the art 
progresses. In most cases, the first need 
is a suitable receiver for the unknown sig- 
nal and the problem remaining is to set a 
high-frequency oscillator accurately on a 
harmonic of the standard. For example, 
adjust a 1,000-ke crystal to the tenth 
harmonic of the 100,000-cycles-per-second 
standard, then set a 10,000-ke crystal 
oscillator on the tenth harmonic of the 
1,000-ke oscillator. This process can be 
carried as far as necessary to provide guide 
posts in the upper frequency spectra. 

Since frequency can be measured so ac- 
curately, it is highly desirable to be able 
to use it as the indicator when measuring 
other quantities. For example, an excel- 
lent way to measure small changes of 
capacitance’ is to put the capacitor in an 
oscillating circuit so that these changes 
cause changes in frequency which can be 
monitored continuously and accurately. 


Measurements of Power Factor and 
Dielectric Constant of Materials 


It is as important to know the power 
factor and dielectric constant of an insu- 
lating material used in a radio transmitter 
as it is to know the power factor of a load 
on a power line. The power factor of a 
material is the cosine of the angle whose 
cotangent is the ratio of conductance to 
susceptance in the sample when it is used 
as the main dielectric in a two-electrode 
capacitor. This is based on representing 
the sample by a pure resistance in parallel 
with a pure capacitance. It may also be 
represented by a resistance in series with 
a capacitance and then the power factor is 
the cosine of the angle whose cotangent is 
the ratio of resistance to reactance, 

Power-factor standards can be made of 
disks of pure, clear fused quartz because 
the power factor is 0.0002 from 1 to 3,000 
megacycles per second. The bases of this 
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statement are a determination at 3,000 
megacycles by W. C. Hahn, engineering 
general department, the work of Von 
Lothar Rohde” at 200 and 500 mega- 
cycles, and the work of this laboratory. 

There are many ways!’ of measuring 
the power factor of a material at frequen- 
cies less than one megacycle per second. 
Some of the circuits available dre: paral- 
lel bridge, series bridge, resistance varia- 
tion, substitution, and reactance varia- 
tion. 

At frequencies above one megacycle, 
the reactance-variation” type of circuit 
has been popular. This popularity prob- 
ably resulted from the fact that power 
factor is determined by measuring capaci- 
tances, changes of capacitance, and ratios 
of voltages. Variable capacitance of 
known value is easier to obtain than vari- 
able resistance at frequencies above one 
megacycle. The procedure is to measure 
the width of the resonance curve for a 
certain ratio of voltage at resonance to 
voltage off resonance with the sample 
capacitor tuning the resonant circuit and 
repeat this with an air capacitor in place 
of the sample. These data are sufficient 
for two separate circuit-resistance deter- 
minations and, therefore, for the effect of 
the sample on the circuit. Since the 
measurement of power factor is a resist- 
ance measurement, the following factors 
in addition to those in the measuring 
equipment are important: the size and 
shape of the sample; the size, shape, 
and material of the electrodes; and the 
method of applying the electrodes to the 
sample. The size and shape of the sample 
are major determining factors of the capac- 
itance. If this capacitance is made small 
compared to the inherent capacitance of 
the measuring circuit, it will obviously 
become difficult to determine the effect of 
inserting the sample. On the other hand, 
if it is made large, its reactance will ap- 
proach that of the residual inductance in 
the measuring equipment and will cause 
resonance effects and consequent incon- 
sistent operation. The size and shape of 
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the electrodes also affect the capacitance, 
but the effective resistance of the elec- 
trodes is often the more important factor. 

Because there are so many possible 
sources of error, it is good to have a clear 
fused-quartz standard sample to test the 
over-all operation of any power-factor 
measuring equipment. 

The dielectric constant of a material is 
the ratio of the capacitance of a pair of 
electrodes with the dielectric between 
them to their capacitance for the same 
spacing in a vacuum. It is necessary to 
choose the electrode geometry properly” 
to allow accurate determination of the 
dielectric constant when the sample size is 
fixed. The capacitance of the sample is 
usually a by-product of the power-factor 
measurement procedure. 


Measurements of Impedance 


One way to determine impedance is to 
measure the current through and the volt- 
age across the unknown impedance and 
calculate the ratio of HE to J, Even at 
power frequencies, it is not convenient to 
use this method and at radio frequencies 
it is seldom convenient to use. One 
reason for this is that one-inch leads are 
the same part of a wave length at 63.36 
megacycles per second as one-mile leads 
are at 1,000 cycles per second. It is hard 
to overemphasize the need for short leads 
from the measuring equipment to the un- 
known impedance. 

In addition to requiring short leads, the 
problems which have arisen frequently 
since the advent of television have re- 
quired that the measuring equipment be 
portable where portable means that the 
user can carry it up an antenna tower and 
use it at the top. An instrument for this 
service in the 40 to 70 megacycles per sec- 
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ond frequency range is shown in figure 7 
and a schematic diagram is shown in fig- 
ure 8. It will be noticed that provision 
has been made to obtain short leads. At 
the same time, the measuring circuit was 
shielded from the oscillator and from ex- 
ternal fields by placing it in a separate 
metal compartment, by providing Fara- 
day screens between the oscillator coil 
and one coupling coil and between the 
other coupling coil and the measuring cir- 
cuit coil, and by using a common ground. 

The measuring circuit is a coil and a 
capacitor so arranged that either balanced 
or single-ended impedances can be meas- 
ured by the reactance-variation method. 
The parallel tuned circuit has been so 
arranged that the unknown can be con- 
nected in series with the coil and conse- 
quently low values of impedance can be 
measured. The usual parallel connection 
of the unknown is also provided for high 
values of the unknown. The procedure is 
to determine the circuit constants with 
and without the unknown connected in 
terms of capacitance, change of capaci- 
tance, and voltage ratios. The differ- 
ences between the two resulting sets of 
susceptance and conductance values are 
the constants of the unknown impedance. 

This instrument was used in the instal- 
lation of the transmission lines and an- 
tenna of General Electric television sta- 
tion W2XB in band 3 (66 to 72 mega- 
cycles). 

It is often necessary to measure the in- 
herent inductance in low-value resistors. 
One way to measure these small induct- 
ances is to use the microvolt generator. 

The procedure is to insert a resistor, Ri, 
as Z and measure the current, 7, which 
causes a certain output at frequency, f1; 
replace R; by a different resistor, R:, and 
find the current which causes the same 
output; repeat this procedure at another 
frequency, f2, and solve the resulting si- 
multaneous equations: 


in V Rit (2a fili)?=t2°V/ Re+ (Qn fils)? 
in V Ri2-+ (Qa fal)? = ig) Ry?-+ (Qafela)? 


In a particular case, a two-ohm and a ten- 
ohm resistor were used at 25 and at 40 
megacycles. The inductance of the two- 
ohm resistor was 0.016X10-* henry. 
The impedance of the two-ohm resistor is, 
therefore, 3.20 ohms at 25 megacycles and 
the necessity for determining inherent in- 
ductance in low-value resistors is evident. 


Measurements of Transmission 
Line Characteristics 


In television transmitting systems as in 
other radio transmitting systems, it is 
usually impractical to locate the transmit- 
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ter unit adjacent to the antenna. A 
transmission line is employed to connect 
these parts, and for the wide-frequency- 
band operation needed in television com- 
munication, the transmission line must 
have quite definite characteristics. 
Physically such a transmission line 
usually consists of straight sections of con- 
centric tubes with spaced low-loss beads 
for insulation. Sections are joined at 
corners by means of junction boxes and 
the inner conductor is supported in long 
vertical runs by means of an anchor joint. 
To secure proper performance of the 
transmission line, it is necessary to com- 
pensate for the electrical disturbances pro- 
duced by these junction boxes and anchor 
joints. It is also necessary to match the 
antenna circuit to the transmission line 
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much more closely than was commonly 
practiced in communication or broadcast 
transmitter systems. For these reasons, 
it is desirable to measure the characteristic 
impedance of the line and to determine its 
frequency characteristic with compensat- 
ing elements added at the required posi- 
tions. 

The reactance-variation type imped- 
ance-measuring instrument already de- 
scribed can be used to measure the charac- 
teristic impedance of the line, but it is not 
convenient to use this instrument for de- 
termining the frequency characteristic of 
the line. This may be done more easily 
by measuring the ratio of output to input 
voltage over the operating range of fre- 
quency. In practice, it has been found 
desirable to hold the input voltage con- 
stant which makes the output voltmeter 
indication proportional to the ratio 
wanted. 
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It is necessary that the ratio of output 
to input voltage remain practically con- 
stant over the operating-frequency range 
and desirable that it remain so over a 
wider range to give a safety factor. The 
information given in plots of voltage ratio 
versus frequency is shown in figure 9. 
The lowest set of curves shows that resist- 
ance terminations can be readily identi- 
fied as lower or higher than characteristic 
impedance of the line. The middle set 
shows how changes of capacity at a junc- 
tion box caused marked and easily recog- 
nized changes in the ratio curves also. 
The top set demonstrates the case of coil 
compensation. 

When this method of measuring trans- 
mission-line characteristics is used, it is 
desirable to start with a short section and 
to add junction boxes, other sections, and 
anchor joints one at a time. If several 
things are added at once, the voltage- 
ratio curves become difficult to interpret; 
but if one thing is added at a time, the 
curves are as easy to interpret as those 
shown. A mathematical treatment of 
these relations is in the literature.”? 

That complete transmission character- 
istics over wide frequency ranges can be 
secured by properly using a pair of diode 
voltmeters is encouraging. 
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Conclusions 


How basic principles are used in making 
measurements at radio frequencies has 
been shown in a number of cases. 

Something of the range of the subject 
has been suggested by the diode voltmeter 
and the “‘critical voltage”’ tube. 

A primary standard of current at high 
frequencies has been described. 

A new low-impedance thermocouple 
ammeter has been presented. 

Clear fused quartz has been proposed as 
a standard of power factor in the 1 to 
3,000 megacycle-per-second frequency 
range. 

A typical technique of making measure- 
ments at radio frequencies has been dis- 
closed by the description of the ‘‘react- 
ance-variation”’ method of measuring im- 
pedance. 

It is hoped that the material presented 
will prove informative to engineers not 
directly connected with radio-frequency 
measurement work as well as to those in 
it. 
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The Dielectric Strength and Life of 


Impregnated-Paper Insulation — Il 


The Influence of the Thickness of the Paper 


J. B. WHITEHEAD 


FELLOW AIEE 


HE peculiarly severe conditions 

imposed by manufacture, transpor- 
tation, installation, and operation of high- 
voltage cables have emphasized the im- 
portance that full attention be paid to all 
physical properties of the insulation, es- 
pecially those relating to permanence of 
mechanical structure and of high in- 
sulating properties. The requirement of 
wide flexibility is at the root of the pres- 
ent method of applying the paper in- 
sulation in spiral tape form in successive 
layers. z 


Mechanical flexibility and high di- 
electric strength do not always go hand 
in hand. They do so to an astonishing 
degree in the case of impregnated paper. 
However, with the available materials it 
is not always possible to retain at the 
same time the maximum of flexibility and 
the maximum of dielectric strength and 
stability. Consequently in cable design, 
in order to meet the special requirements 
of particular cable installations, it is 
necessary to make such selection of the 
paper to be used as will ensure the opti- 
mum combination of flexibility and di- 
electric strength. Carefully prepared 
wood-pulp paper with low content of 
electrolytic impurity is now used almost 
exclusively for the type of insulation in 
question. It is available over fairly wide 
ranges of density and thickness, as de- 
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termined largely by experience in manu- 
facture and usage over the past 20 years 
or more. It is within these ranges of 
paper structure that the cable engineer 
finds the possibility of selecting papers 
for a very wide range of type of cable 
and conditions of service. The fact that 
impregnated-paper cables are giving 
highly satisfactory service for large blocks 
of power in the highest range of values 
of voltage is an indication not only of 
the remarkable insulating properties of 
this type of insulation, but also of the 
resourcefulness and persistence of cable 
engineers in experimental study and 
manufacturing skill. 

In a related paper,! the present author 
has reported the results of a study of the 
influence of a variation of the density of 
the paper on dielectric strength as deter- 
mined in a fixed program of accelerated 
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PAPER THICKNESS — MILS 
Figure 1. Breakdown strength and life as func- 


tion of paper thickness 


voltage-time tests. The results of the 
study were at some variance with com- 
monly accepted ideas? as to the influence 
of paper density on dielectric strength. 
They confirm the suggestion that has 
been made from time to time’ that proper 
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consideration must be given to the lami- 
nated form of construction, to the open 
spaces between successive tapes, and to 
the different values of dielectric constant 
of impregnated paper and of oil. In view 
of the positive character of the results 
and of their possible bearing on cable de- 
sign, the work on the influence of density 
is continuing in order to explore the pos- 
sible influence of other variables. 

The present paper describes a similar 
series of studies on the influence of the 
thickness of the paper on dielectric 
strength and stability, as indicated 
by accelerated voltage-time tests. Here 
too it will be found that the results 
are of definite character and again indi- 
cate the importance that careful atten- 
tion be given to the variations in the in- 
ternal structure of the insulation wall. 


The Papers 


High-grade cellulose paper for cable 
manufacture is available in the range of 
thickness 0.0035 to 0.008 inch (3.5 to 8 
mils, 0.0089 to 0.02025 centimeter). For 
the present studies four thicknesses of ap- 
proximately 0.0035, 0.0048, 0.0063, and 
0.00835 inch were used. The papers were 
supplied by a well-known manufacturer 
in the form of tapes one inch wide. It was 
intended that the density of the paper 
structure be the same for each thickness. 
As measured, however, the density of the 
8-mil paper fell slightly below the others 
(see table I). We refer to the papers 
briefly as having nominal thicknesses 
3, 5, 6, and 8 mils respectively. 


The Test Specimens 


The test specimens were made by 
wrapping the paper tapes on smooth 
brass tubes with 33!/3 per cent and 662/; 
per cent overlay with a butt spacing of 
the tapes of approximately !/g4 inch 
(0.00397 centimeter). The number of 
layers of each thickness of paper was so 
chosen as to give approximately the 
same over-all thickness of all test speci- 
mens. (See table I.) 

Nine identical specimens were con- 
structed from each thickness of paper. 
They were dried and impregnated in 
groups of three. All specimens were im- 
pregnated with a light oil as used for 
oil-filled cables by American manufac- 
turers. 

Further details as to the measuring and 
guard electrodes, reinforced ends, etc., 
of the test specimens, of the physical 
characteristics of the oil, and of the meth- 
ods of drying and impregnation will be 
found in earlier papers.4 
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xperimental Method 


All tests were made on single speci- 
mens immersed in the impregnating oil 
in a bath enclosed in a thermally in- 
sulated box with automatic temperature 

control. The air pressure in the test 
_ box was that of the atmosphere. The 
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Figure 2. Dielectric constant, dielectric loss, 
and power factor as function of paper thickness 


temperature for all tests was 40 degrees 
centigrade. 

Life and Breakdown Tests. The ac- 
celerated voltage-time tests started at a 
voltage to give an average stress of 400 
volts per mil on the specimen and the 


Table I. 


test voltage was increased by 3.12 per 
cent every four hours, thus giving a 
geometric increase such as to bring the 
stress to 700 volts per mil within three 
days. Under this program the range of 
life of all specimens tested was from two 
to four days. 

Power Factor and Capacitance. Power 
factor and capacitance were measured 
over the range 100 to 400 volts per mil 
on a high-voltage Schering bridge’ at the 
beginning of the voltage-time test and at 
12-hour intervals. 

Conductance. The long-time d-c con- 
ductance of the dry paper specimen was 
measured at 1,500 volts and 105 degrees 
centigrade before impregnation, and of 
the impregnated specimen at 60 degrees 
centigrade immediately following im- 
pregnation. 


Experimental Results 


The results of the accelerated voltage- 
time and breakdown tests on the three- 
mil paper are given in table I. They are 
typical of the results on the other thick- 
nesses of paper, for which the average 
values only are given in the table. Using 
the average values of breakdown stress, 
as given in table I, the results on break- 
down strength and accelerated voltage- 
time and other electrical properties are 
plotted in figures 1 and 2. The shaded 
areas represent the extreme limits of the 
spread of the test values. The average 
spread is substantially lower as seen in 
table I. 

The results indicate that with increasing 
thickness of the paper, there are marked 
variations in all the electrical quantities, 
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as well as the values of breakdown stress 
and life. 

Breakdown Strength and Life. Both 
these quantities decrease with increasing 
thickness of paper, over the range studied. 
(See figure 1.) This similarity of be- 
havior is a necessary consequence of the 
type of accelerated voltage-time test. 
Since the life run begins with a stress of 
400 volts per mil, it happens that the 
percentage change in over-all duration 
of time (life to breakdown) is greater 
than that of voltage. The decrease in 
the average values of breakdown stress 
is from 788 to 602 volts per mil. This 
indicates a decrease in breakdown 
strength of something more than 25 per 
cent as between the three-mil and the 
eight-mil papers. This decrease would 
have been about 28 per cent if the spe- 
cific gravity of the eight-mil paper had 
had the same value as that of the other 
papers. Discussion of these results and a 
probable explanation will be found in a 
later paragraph. 

Dielectric Constant. Over the range of 
thickness studied there is a small de- 
crease in the value of dielectric constant 
(see figure 2). This is apparently due 
to the slight decrease in density with 
increasing paper thickness. Corrected?! 
for this variation, the value of the di- 
electric constant is very closely the same 
for all thicknesses. 

Dielectric Loss and Power Factor. Both 
these quantities show a noticeable de- 
crease in value with increasing paper 
thickness. Of the total change in power 
factor approximately 40 per cent may be 
attributed to the change in paper den- 
sity.!. The fraction of the total change 
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due to this cause in the case of the loss is 
approximately 30 per cent. Apparently, 
therefore, some factor other than density 
is playing a part in these decreases. 

Oil Content. The oil content of the 
impregnated paper tape alone expressed 
as the ratio by weight of oil to paper is 
given in table I. It will be seen that the 
volume of oil absorbed increased approxi- 
mately uniformly with increasing thick- 
ness of paper from the value 38.8 per 
cent for the three-mil, to 49.1 per cent 
for the eight-mil paper. This variation 
also is accounted for by the variation in 
paper density. 

Type of Breakdown. All specimens 
were carefully examined after failure as to 
evidence of its beginning and cause. In 
the latter half of the work these studies 
were greatly facilitated by the use of a 
thyratron tube, relay, and rapid circuit 
breaker® for interruption of the primary 
circuit of the transformer. The opera- 
tion of this device is so sensitive and 
rapid that not only is the usual burning 
attendant upon breakdown very greatly 
reduced, but in many cases the circuit 
is opened before the failure has extended 
further than two or three layers of paper. 
Further details of the operation of this 
equipment are given in the paper already 
referred to on the influence of the density 
of the paper on breakdown and life.! 

Failures took place almost invariably 
under the central electrode of the test 
specimen and all failures have been of 
definitely radial type. 

A clear indication of the foregoing 
studies on density, and of the present 
studies, is that most of the failures begin 
in the oil channels between successive 
turns of paper, most often at the central 
high-voltage electrode, sometimes in the 
center of the insulation wall, and in a few 
cases at the outer electrode. In a num- 
ber of cases in which the specimen was 
dissected after the first two or three shots, 
the incipient failure was found to be con- 
fined to two or three layers. At one point 
the oil in a channel would be found to 
have become black, the blackening ex- 
tending a short distance either way along 
the channel and along the edge of the 
paper. The next stage would be the 
puncture of one or perhaps two paper 
layers, but generally reaching the next 
oil channel on the same radius. Occa- 
sionally longitudinal tracking and tree 
patterns to adjacent channels were 
noticed, but these extended only a very 
short distance, probably because of the 
relatively thin total wall thickness. Evi- 
dence of initial blackening in oil spaces 
was also invariably noticed at the edges of 
the small holes in the central tubular con- 
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ductor and outer lead-foil electrode drilled 
to facilitate drying and impregnation. 
However, the failure showed no pref- 
erence for the edges of these holes. In- 
variably the central tubular conductor 
would be blackened under the full spiral 
length of the oil channel between the 
tape edges of the first layer, the remainder 
of the conductor remaining clean and 
bright. 

Altogether the failures seem to be 
closely similar to those reported by 
Robinson’ and Race,’ both of whom find 
that the initial carbonization occurs next 
an electrode. However, several of our 
specimens have shown evidence that the 
initial seat of the trouble may be in the 
center of the insulation wall. 

The interrupted failures and behavior 
described above are best observed in the 
thinner range of papers (see particularly 
results of the study of the influence of 
paper density'). In the present tests as 
the thickness increases, it is more and 
more difficult to limit the failure to a por- 
tion of the wall. Most of the failures 
above those in the three-mil paper have 
been through-failures with more pro- 
nounced burning, with less tendency to 
tree patterns and tracking and conse- 
quently with greater obscurity of the 
conditions surrounding initial failure. 


Discussion of Results 


BREAKDOWN STRENGTH AND LIFE 


The most probable explanation of the 
decrease of breakdown stress and life with 
increasing thickness of paper is the well- 
known fact that the breakdown strength 
of thin oil films decreases with increasing 
thickness. Our results indicate that the 
failures always start in the oil films be- 
tween successive turns of paper tape. 
J. Sorge® reports a decrease of dielectric 
strength with increasing gap thickness, 
between approximately parallel planes, 
for xylol, benzene, and hexane, over a 
range of thickness 0.2 to 0.7 millimeter 
(8 to 28 mils). This is just outside our 
range of oil-channel thicknesses (3.5 to 
8.0 mils). However, Sorge’s curves are 
all pointing sharply upward at the lower 
values of gap. Other authors” report 
similar behavior. 

Approximate computations! of the 
values of stress in the oil channels in our 
results in the increasing order of paper 
thickness are 1,506, 1,416, 1,170, 1,075 
volts effective per mil. Naeher’s! values 
for pure liquids and thicker layers men- 
tioned above are from 1,700 to 1,200 
volts per mil. His results on transformer 
oil and for gaps from 0.5 to 3 millimeters 
show a decrease of from 560 to 400 volts 


Whitehead—Impregnated-Paper Insulation 


per mil. It will be seen, therefore, that 
our values are intermediate between 
those for the pure liquids of Sorge and 
those of Naeher for transformer oil, which 
was probably not so highly purified as 
the oil of our tests. In explanation of the 
above behavior, I suggest the presence 
of mobile ions in the oil which are greater 
in number with increasing thickness of oil 
channel. These ions, owing to the high 
values of their mobilities, pass to the 
radially opposite faces of the oil channel 
in a very small fraction of one-half the 
period of alternating 60-cycle voltage. 
They accumulate at the opposite faces as 
space charges and thus increase the po- 
tential gradient between paper and oil 
on either one or both of the faces of the 
channel. Breakdown begins at these high 
points of electric stress in the oil. Natu- 
rally the effect would be accentuated 
by minute filaments of paper projecting 
into the oil. With increasing thickness 
of the channel, more ions are present, 
greater values of space charge accumulate, 
and consequently a critical breakdown 
strength of the oil is reached at a lower 
value of over-all stress. 


DIELECTRIC Loss 
AND POWER FACTOR 


These two quantities apparently de- 
crease with increasing thickness of the - 
paper, the former by about 20 per cent 
and the latter by about 15 per cent. The 
explanation is not entirely obvious. Only 
a portion of these decreases is accounted 
for by the variation in paper density. 
With increasing paper thickness, there 
are obviously fewer oil layers between 
paper tapes. The oil channels, however, 
apparently do not enter into the matter 
of loss in any considerable extent; first 
because the oil channels have the same 
total thickness for all thicknesses of 
paper; moreover, the volume of oil is a 
relatively small fraction of the total 
volume, and the loss per unit volume in 
oil is generally substantially less than that 
in the impregnated paper. 

The losses in impregnated paper, 
qualitatively speaking, should vary in 
accordance with the laws for a Maxwell 
layer dielectric. This affords a very 
much better explanation of the results 
found. There are fewer oil layers with 
the thicker tapes and the barrier action 
to current flow is obviously greater in 
the thicker tapes. Thus the number of 
surface layers of charge at the surfaces 
of separation, the amount of dielectric 
absorption, and consequently the dielec- 
tric loss under alternating stress, are all 
lowered with increasing thickness of 
paper. 
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Summary and Conclusions 


1. Accelerated voltage-time tests have 
been carried out on samples of impreg- 
nated-paper insulation with the thickness 
of the paper tape asa variable. Four thick- 

nesses of nominal values, 3, 5, 6.5, and 8 

mils, and all of approximately the same 
. density, were studied. All specimens were 
_ impregnated with a very fluid insulating oil. 


2. In accelerated voltage-time tests be- 
ginning at 400 volts per mil and with geo- 
_metric increase of voltage at the rate of 
3.12 per cent every four hours, the 60-cycle 
- breakdown voltage was found to decrease 
with increasing paper thickness. Over 
the range of thickness mentioned, the de- 
crease in breakdown voltage with increase 
of thickness was about 28 per cent. The 
_ decrease in life was approximately 45 per 
~ cent. 


3. The failures almost invariably start in 
the oil channels between sticcessive con- 
volutions of the paper tape. 


4, The maximum stress in the oil channels 
at breakdown, as computed from the di- 
electric constant of the oil, and the measured 
dielectric constant of the impregnated paper, 
decreased with increasing thickness over 
the range studied from 1,506 to 1,075 volts 
effective per mil. An explanation of this 
behavior is offered. 


5. The dielectric constant of the impreg- 
nated paper is approximately constant over 
the range of thickness studied. 


6. Power factor and dielectric loss de- 
crease with increasing paper thickness, the 
former by about 30 per cent and the latter 
by about 20 per cent over the range of thick- 
ness studied. This behavior is explained 
qualitatively by the variation in interfacial 
polarization in accordance with Maxwell’s 
theory. 
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Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 SupPpLEMENT to ELECTRICAL ENGI- 
NEERING—TRANSACTIONS SECTION. 


DECEMBER 1940, VoL. 59 


Computation of Accuracy of Current 


Transformers 


A. T. SINKS 


ASSOCIATE AIEE 


HILE the general principles of the 

operation of current transformers 
have been known for some time, and tests 
have provided much experimental data, 
the introduction of high-speed relaying, 
especially differential protection, re- 
quired a greater knowledge of current- 
transformer performance than was nec- 
essary previously. It is the purpose of 
this paper to present a method of cal- 
culating the accuracy of current trans- 
formers. 

Formulas for calculating leakage flux 
and leakage reactance in power trans- 
formers have been available for several 
years. Some good experimental work 
showing the effect of leakage on the flux 
densities of the core of current transform- 
ers was done by H. W. Price and C. K. 
Duff of the University of Toronto, and 
much study has been devoted to the mag- 
netic properties of iron and other ma- 
terial, but little seems to have been done 
in applying the formulas of power trans- 
formers to current transformers, or in es- 
tablishing the rules which govern the 
effect of leakage flux on the accuracy. 
Most of the information concerning cur- 
rent transformers has been derived by 
the experimental method of making ratio 
correction factor and phase-angle tests 
of models. 

However, within recent years, a con- 
siderable amount of work and testing has 
been done at the West Lynn Works of the 
General Electric Company to obtain re- 
liable information on the exciting currents 
of various magnetic materials over a wide 
range of flux density. This information 
made it possible to check methods of cal- 
culating the accuracy. The method of 
calculation here presented was developed 
largely on a theoretical basis from the 
fundamental principles involved making 
use in so far as possible of the well-estab- 
lished power-transformer formulas and 
was found to give results in very good 
agreement with the tested accuracy. 

By using the method presented in this 
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paper it becomes possible to calculate 
current-transformer performance from 
available experimental data without mak- 
ing and testing models. This makes it 
possible to design current transformers 
for specific application, or determine 
the suitability of an existing design with- 
out the cost of overcurrent ratio and 
phase-angle test. It is also very useful 
as a tool to the designer, because it en- 
ables him to compare several proposed de- 
signs, and select the best at less cost than 
by using experimental models and making 
tests. 
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Figure 1 


A,—Avrea of end of primary winding as shown* 
Ay—Area of space between windings as 
shown* 

Ay—Area of end of secondary winding as 
shown* 

L,—Primary winding layer length* 
l»—Secondary winding layer length* 
N,—Secondary turns 
Z;—I|mpedance of external burden=Rp+jXp 
Ry—Resistance of external burden in ohms 
X—Reactance of external burden in ohms 
Re—Resistance of secondary winding 
V.—Secondary terminal voltage 
E,—Secondary induced voltage (that is, volt- 
age induced by mutual flux and leakage flux) 
E,,—Voltage induced in secondary by leakage 
fluxes 
I,—Secondary current in amperes 
® y— ‘Mutual flux’ ©, will be considered to 
be entirely within the core (that is, it com- 
pletes its circuit without entering or leaving 
the core) 
®,,—Secondary leakage flux (that is, flux pass- 
ing through secondary copper) 
€ 59 —Leakage flux between windings (that is, 
flux passing between primary and secondary) 
€,,—Primary leakage flux (that is, flux passing 
through primary copper) 
4¢—The flux in the core at the center of the 
secondary coil (section 1 shown in figure 1) 
et 


K =QmfN, (10-8) where f= frequency 


* A\| dimensions in inches. 
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In order to compute the accuracy of a 
current transformer it is first necessary to 
define the term “accuracy”, This can 
best be done by defining the inverse of 
accuracy, that is, the error, Fundamen- 
tally, the error of a current transformer is 
the vector difference between the primary 
and secondary ampere turns. Now this 
difference is, by virtue of the relative 
position of the primary and secondary 
coils, the number of ampere turns acting 
on the magnetic circuit of the trans- 
former and is, therefore, the exciting cur- 
rent of the transformer in ampere turns. 
Hence, the rather intangible expression 
“accuracy”’ upon analysis becomes simply 
the inverse of exciting current. 

It is, therefore, the first purpose of the 
following analysis to determine the excit- 
ing current. Only a wound-type trans- 
former with two coils, one inside the other, 
will be considered in detail, but the gen- 
eral principles for the most part apply to 
any type. 

In the development of the formulas the 
following assumptions will be made: 


il, adsta secondary coil is inside the pri- 
mary, which is usually the case. 


2. The leakage flux flows parallel to the axis 
of the coil. 


3. Flux density is zero on the outside of 
the primary copper and inside of the second- 
ary copper, and increases linearly to the 
edges of the space between the copper of the 
two coils, the density on the primary side 
of the space being 3.2N2I2/L; lines, second- 
ary side 3.2.N2I2/L_, making a mean density 
in the space of 3.2(2.NeI2)/(Li+Lz) all values 
being expressed in English units* (see figure 
1 for symbols). Although it is obvious that 
the assumption regarding the conformation 
of the magnetic field is not exactly true, these 
assumptions are conventionally made in 
calculating reactance of transformers and 
have been shown to give values in good 
agreement with test. 


4, In the computation of exciting current 
the ampere turns required for the core joints 
will not be considered separately. This 
procedure is usually permissible, if, as in 
the computations here presented, the core 
data used are derived from tests on a core 
having approximately the same number of 
joints per inch as the core of the transformer 
under consideration and if the joints are 
symmetrically disposed on the core. In 
some cases where the joints all happen to 
be in regionsof flux density much higher than 
that in the rest of the core it may be neces- 
sary to consider the joints separately if the 
densities are high. This can be done by 
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Figure 2. Phase angles between secondary 
current and fluxes in different sections of core 
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determining the density at the joints from 
the equations hereafter presented and add- 
ing the necessary ampere turns for the joints 
to the exciting ampere turns required for the 
rest of the core. Except on cores having 
short magnetic circuits or cores made of very 
high permeability material good lapped 
joints will not take a very large per cent of 
the total exciting current required for the 
core at low flux densities but usually will at 
high densities. 


5. Much the same statement holds with 
respect to grain direction for cores in which 
the flux path is in different directions rela- 
tive to the grain of the iron in different sec- 
tions of the core, as the exciting current is 
usually higher when the flux flows across the 
grain than when it flows parallel to the grain. 


6. The exciting currents will be treated as 
vectors in adding the exciting current for the 
various sections of the core, although it is 
not strictly correct to represent them as such 
since they are not in general sinusoidal. 
Experience, however, indicates that the er- 
rors introduced by assuming them so are 
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Figure 3. Vector diagram showing relation 

between flux density, exciting ampere turns, 

and secondary current for any particular core 
section 


negligible except possibly at quite high 
flux densities where the wave form of the 
exciting current is badly distorted. 


7. The magnitude of the leakage flux and 
its conformation are assumed to be depend- 
ent only upon the geometry of the appa- 
ratus, and the ampere turns in the coils, and 
are independent of the permeability of the 
magnetic core material. This assumption, 
of course, is valid only if the permeability 
of the core material is high relative to that 
of the air or other nonmagnetic media. 
Should the permeability of the core become 
quite low as the result of either a high over- 
current or a heavy burden which badly 
saturates the core, the configuration of the 
leakage flux may be altered, and its magni- 
tude will no longer be strictly proportional 
to the ampere turns in the coils. This as- 
sumption limits the application of this 
method of analysis to conditions where the 
maximum magnetizing force in the core is 
about 300 ampere turns per inch or less. 


8. It is also assumed in the analysis that 
with a sinusoidal primary current the 
secondary current will be a sine wave. For 
this assumption to be reasonable, it is neces- 
sary that the exciting current either be 
nearly sinusoidal or be a small per cent of 
the primary current. Actually the excit- 
ing current is almost never sinusoidal al- 
though it may be approximately so for the 


* The factor 3.2 comes about as follows: For air 
using metric units flux density B= H =0.44 NI/em 
lines per square centimeter. Therefore, in Eng- 
lish units B=0.4rNI/in.X2.54 lines per square 
inch. 
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Figure 4. Vector diagram of relation between 

primary and secondary ampere turns and total 

exciting ampere turns for core of a current 
transformer 


lower values of flux density; but it is usu- 
ally, in good transformers, a small per cent 
of the load current. Therefore, the har- 
monics introduced by the exciting current 
are seldom of mutch consequence in the 
normal range of operation. However, here 
again, if due to either high overcurrent or 
a heavy burden, the core becomes saturated, 
the exciting-current wave form has large 
harmonics and the transformer error usually 
gets relatively large in which case the per 
cent of harmonics in the secondary current is 
likely to be appreciable. 

If the harmonics thus introduced into 
the secondary current are large enough to 
be of concern, then a more precise and 
elaborate definition of accuracy is neces- 
sary as the ratio and phase-angle errors 
alone will no longer suffice to define com- 
pletely the difference between the correct 
and the actual values of secondary current. 


In figure 1 is shown a wound-type cur- 
rent transformer of a type which will be 
considered, and below it is a list of the 
principal symbols used. Bold-face type 
indicates a vector quantity, and all vec- 
tors will be referred to the secondary cur- 
rent as a base. 

On the basis of the assumption relative 
to the distribution of leakage flux, the 
values of leakage flux are: 


Nola 


@,,=3.2 Se A, (1) 
Nols 
19 =3.2 2A 2 
2 lela & 
Nols 
=3.2 — 
$,,=3 OL, A, (3) 


In order to determine the exciting cur- 
rent it is first necessary to establish the 
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Figure 5. Paths of leakage flux which does 
not pass through secondary copper 


ELECTRICAL ENGINEERING 


. 
. 
| 


a 


- 


flux densicy or densities in the core. This 


can most readily be done by beginning 
with S,. To find ®, it will be assumed 
that the fraction of &,, whichreturnsinside 
the secondary is Y and that the fraction 


of (@;,+,,) returning inside the second- 


ary is U. The fractions Y and U are 


involved in the calculation of ®g in two 


ways. In the first place, it is apparent 
that 


Po=Pyt Vhp.+ U(Sz, +479) 


In the second place ®, is related to E,, 
and E, by the relation 


£,= —jK@y+E_, 


whence 


j j 
Dy "i Ei—= Ex, 


and it is obvious that E,, will be depend- 
ent on the values of Yand U. In the ap- 
pendix it is shown that 


i 1 
E,,= —jKU(@11+- P10) “ik a( id -;) (4) 


3 Phe 
.by= rd E; -4| -iK U(®z, +89) — 


uce.(r-2)] 


j | 1 
bunk E;— U(®z,:+ 1) ~22( v-3) 


or 


Substituting this value of ®y in the 
equation of ®, above gives 


j it 
Do =z E,— U(®1,+ 10) ~21,( v-1) = 
Y@z.+ U(Sz:4+# 19) 


(5) 


It is, therefore, evident that it makes no 
difference in the value of ®, what assump- 
tions are made regarding the return of 
the leakage flux since neither Y nor U 
occurs in the expression for ®. 

Referring to the last equation since 
®,, has already been expressed in terms of 
I, (equation 1), it is now necessary to de- 
termine E, in terms of Iz, This is readily 
accomplished by adding the internal 
secondary IR drop to the secondary ter- 
minal voltage since E, by definition is the 
net voltage induced by all fluxes including 
leakage. 


oa E, = V.+/: 2 
but 


V:=IRetjlheX g 
Es =I,(R:+Rz) +7I,X 


Substituting in equation 5 this value of 
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E, and the value of ®,, given in equation 1 
in terms of J, gives 


&co= 1 Ler +R) | +2 GhX») + 


1 Neda 
;(32 3 4.) 
or 
j Xp N:Ay 
to=h| 2 (Ret+R) —~2+. 
c fe a+) KX 1883 | (6) 


To determine the fluxes at other points 
in the core it is necessary to know how 
much of the leakage enters the core be- 
tween various points in its length. In 
general, it can be assumed that all the 
leakage flux which passes through and be- 
tween the copper inside the core window 
enters the core. Of the remainder about 
50 per cent will enter the core between 
sections 1 and 5. 

If &,,=flux entering the core between 
sections 1 and 5, 


Spr = (Op, +8r9t+12) X 


| h aif h 
MLT, 2\ MLT, 


Where 4 = height of core in the case of 
a “core” type core or twice the height in 
the case of a shell-type core and ML7) = 
mean length in the direction of the wind- 
ings around the space between the wind- 
ings 


P on @7,+-®r5+Prs h 
“i2=( 5 \-+aex) 


Of ®,7 a certain fraction, K, will enter 
the core between sections 1 and 2, another 
fraction, Ke, will enter between 1 and 3, 
and another fraction, K3, between 1 and 
4. The values of K;, Ke, K3, will be 
usually in the neighborhood of 0.57, 
0.87, and 0.93 respectively. With these 
values of leakage flux entering the core 
the values of flux at the sections 2, 3, 4, 
and 5 will be given as follows, the sub- 
scripts after the ® denoting the section: 


j Xp 
=> = ® = 2 qaact R R ——=z 
d, Bo Ky LT x Be Bt 2) K + 


0.533.NyA2 


iz |-xitus (7) 


j Xp 
B= 40 —Kebyr =, (Ra +R) “ad 1 


0.533.N2A2 


o | —K.S,7 (8) 


See a ee ee 
PSP or Baer 8) Ne 2 K 


0.533. N2A2 


im |-xetur (9) 


=6,—6%,7=I1 Lip +R) 2+ 
®=P¢ LT=t2 EK B 2 EK 


0.533N2As | 


10 
L (10) 


—®,7 
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The flux densities, Bo, Bo, Bs, Bs, and 
Bs corresponding to the fluxes By, B,, Bs, 
,, and ®; are, of course, the absolute 
values of these fluxes divided by the cross- 
sectional areas of the core at the respec- 
tive points, and the sines of the angles 
Ge, 9, 0s, 04, and 0s between Bo, Bz, Bs, Bi, 
and @; respectively and the secondary cur- 
rent reversed are the imaginary com- 
ponents of the fluxes divided by the ab- 
solute values (see figure 2), It should 
be noted that 0, may be greater than 
90 degrees. 

Tf ac, a2, a3, a4, and ag (figure 3) are 
the angles between the flux densities and 


Figure 6. Paths of leakage flux which does 
pass through secondary copper 


their respective unit values of exciting 
ampere turns* ig, %2, 13, 44, and 4%, as de- 
termined from magnetization data on the 
iron, then by averaging the values for each 
section of length the components of ex- 
citing ampere turns in phase with the 
secondary current reversed will be: 


Ih, 
= [tc cos (0¢ —ac) +4, cos (82— a2) } 
for section 1-2 


Las. : 
9 it cos (42—az) +73 cos (63 — az) | 
for section 2-3 


Io, : 
"lis cos (€.— a) +i4 cos (64-4) J 
2 for section 3-4 


LG 
aed cos (64—a4) +45 cos (05—as) } 
2 for section 4-5 


Where the L’s represent the lengths 
between the sections denoted by the sub- 
scripts. Since there are two of each of the 
above sections in the whole core the total 
component of exciting ampere turns in 
phase with the secondary current reversed 
will be given by 


Di cos (@—a) = Lyig cos (8g¢— ac) +(Li+ 
3) 42 cos (05 = a) -+|- (Log3+Lsa)ts cos (05 oo a3) + 
(Ly+t+-Las)t4 cos (4 — a4) + Lists cos (65 — as) 


Similarly the component of exciting am- 


* These quantities here represent actual ampere 
turns per inch. 
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Core Flux 


Table I. 


Secondary amperes = 4.89 
=0.533 ohm R 


Transformer 
No. 1 Burden 

and 0.878 ohm X 

Volts per turn referred to secondary 


current 
Section Measured Calculated 
Liscsece 0.0158+ 70.0052. .0.0152 +30. 0067 
DF Phere ctok sea as Seotohet ean 0.0152 + 70.038 
Sa dna Mere cecieselcnsvahcte tice tetas rie 0.0152+ 70.055 
OOS 0.0165+ 70.0538. .0.0152+ 70.059 
Sires 0.0164+ 70.0583. .0.0152+ 70.063 
Transformer Secondary short-circuited 
No, 2 Secondary amperes = 4.89 
Volts per turn referred to secondary 
current 
Section Measured Calculated 
IM srarasetarernesortctsyerets esis etete eke 0.0065 —j0. 0076 
Qarteeraveys 0.0064+ 70.0315. .0.0065+ 30.035 
Sivaercoretere 0.00634 30.057 ..0.0065+ 70.058 
Aion 0.0066+ 70.061 ..0.0065+ 30.062 
iodadace 0.0075+ 70.064 ..0.0065+ j0.067 
Transformer Secondary short-circuited 
No. 3 Secondary amperes = 4.85 
Volts per turn referred to secondary 
current 
Section Measured* Calculated 
1 As Seo cu dA OTe IO ET 0.0058 —j0. 0033 
Dit atten 0.00616+ 30.0064. .0.0058+-70.0064 
Seinen 0.00630+ 70.0113. .0.0058+ 70.0115 
PA e 0.00640+ 70.0125. .0.0058+ 0.0127 
PPadcoan 0.00656+ 30.0144. .0.0058+-70.0138 


*Values are average of values obtained on two trans- 
formers. Samples differed by almost 20 per cent. 


Transformer number 1—General Electric type K F- 
85. 


Transformer number 2—General Electric type K F- 
58. 


Transformer number 3—General Electric type WF- 
12. 


pere turns 90 degrees out of phase with 
the secondary current is given by 


Li sin (G = a) = Lyic sin (6c a ac) + (Liat 
In3)t2 sin (05 — a2) -+ (Lo3+Ls4)t3 sin (03 = ag) -+- 
(Laa+-Lis)ts sin (0;—c4)+Liasts sin (05— x5) 


Since these components of exciting am- 
pere turns must be added to the second- 
ary ampere turns reversed to obtain the 
primary ampere turns the latter are given 
by 
Ni = —NiI,—2i cos (9— a) +j2Zi sin (0 — a) 


as shown in figure 4, 
Therefore, ratio correction factor ist 


Di cos (9—a) |? 
RCF= {3 ee 
| Re Nila | 
[ 27 sin al 
Ee 


and the phase angle is 


2 sin (@—a) 


Nw 


B=sin= 


If the common method of compensating 
by changing secondary turns is employed 
this percentage, of course, must be sub- 
tracted from the value computed above. 


} This equation for ratio correction factor, of course, 
applies only to uncompensated transformers. 
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Other special methods of compensation 
require special calculations of their own 
to compute the final accuracy, although 
it is usually necessary to compute the un- 
compensated accuracy first in any event. 


Discussion and Review 


An inspection of the results of the analy- 
sis reveals some interesting facts. In the 
first place equations 6 to 10 inclusive 
show that the component of flux 90 de- 
grees out of phase with the secondary 
current is the same in all sections of the 
core. ; 

Actually this is not strictly true as in 
transformers having large primary con- 
ductors the eddy currents tend to make 
the leakage flux lag the primary current 
so that a component of the leakage shows 
up 90 degrees out of phase with the pri- 
mary and secondary turns. The magni- 
tude of this component of the leakage flux 
however, is almost always quite small 
compared to the average value of total 
flux in the core as shown by table I. 

Equations 6 and 10 show that if the 
external burden and internal resistance 
are small ®, and ®, may be almost 180 
degrees apart. This may seem unrea- 
sonable but actual flux measurements on 
the core show it to be true. 

It will be noticed that no mention has 
been made of secondary reactance. The 
term was not used because it necessitates 
defining a rather elusive quantity which 
is not of any particular value in solving 
the problem. The term is elusive and 
confusing because reactance, being volts 
divided by amperes, depends on the volt- 
age induced by the secondary leakage 
flux which, as has been seen, depends on 
the direction of return of this leakage. 
Moreover, the secondary leakage flux, 
®,, must return outside the secondary coil 
if the in-phase component of ®, is nega- 
tive, as is generally the case (see equation 
6), because if one is to adhere strictly to 
physical realities there cannot be flux 
flowing in opposite directions in the same 
section of the core at the sameinstant. If 
®,, does allreturn outside the secondary, 
the voltage generated is positive and hence 
the reactance must be negative. If, on 
the other hand, the in-phase component 
of ®, is +'/; ®,,, the maximum value 
without leading power factor burden, 
then 1/; ®,, returns inside the secondary. 
Referring to equation 4 this means Y= 
1/, and hence the voltage induced by the 
secondary leakage flux equals zero. 
Therefore, if reactance is to be defined in 
the conventional manner and the flux 
paths are to be taken exactly as they are, 
the only conclusion is that the secondary 
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reactance is a variable depending on the 
external burden and varying between 
zero and —K®,,/3I, It is conse- 
quently evident that the use of the term 
“secondary reactance”’ is of no advantage 
in this analysis, as a rigorous definition 
of such a term makes it necessary to solve 
most of the problem to determine the re- 
actance, : 

Tables I, II, and III give comparisons 
of calculated and measured results. 
Transformers numbers 1 and 2 were dif- 
ferent in size but of similar design while 
the proportions of transformer number 
3 were considerably different from the 
first two, An inspection of the tabulated 
values shows that there is still some room 
for improvement in the accuracy of the 
calculations which further study and 
added refinements might produce. On 
the other hand, the discrepancies between 
the calculated and the measured values 
of flux are no greater than the errors fre- 
quently incurred in computing the physi- 
cal dimensions of the coils and the space 
between them. In fact, to go even fur- 
ther, tests show that in some cases the 
variation between individual samples of 
the same design is greater than the error 
of the calculations. Moreover, both 
tests and simple computation show that 
what appears to be a small degree of 
dissymmetry in the coils will frequently 
cause a large difference between the 
values of flux in the opposite ends of the 
core. From a practical point of view, 
therefore, further refinement in the 
method of calculating the flux will not 
produce the improvement in over-all re- 
sults which would be expected at first 
glance. 


Moreover, any stich refinements in the 
calculations would be largely a matter of 
field theory in determining the exact con- 
formation of the leakage flux outside the 
core rather than any alteration of the 
principle involved and in the writer’s 


Table Il 


Transformer Number 1—Leakage Fluxes, Sec- 
ondary Short-Circuited; Secondary Amperes 
= 5.0 


= 


Crest Values of Flux 


Measured Calculated 


Dias ks coe eee ee S450 see 8,750 
OLA OL: eo ee 25,650). ane 28,000 
Dito To Oa eee 35,100... 5. 36,800 
Negative flux at center of 

secondary o..7ne ee temene 3,490..... 2,920 
Flux in item above divided 

DY. Ohai ctr axe eee O: 3% eer 0.33 
DTG. Meta peters Scr e ete 20,270 21,500 

OLT 

leet Al sio'sfacatap ext eters Oro tS eerie 0.585 
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Figure 7, Overcurrent accuracy, transformer 
number 2 (see table |) 


Burdens (volt-amperes based on five amperes): 


3—50 volt-amperes, 50 per cent power 
factor 

4—100 volt-amperes, 50 per cent power 
factor 

5—200 volt-amperes, 50 per cent power 
factor 


Solid curves—Test values 
Dashed curves—Calculated values 


opinion the chief value in the foregoing 
analysis is the establishment of the 
general theorem by which the flux den- 
sities in the core can be determined from 
a given conformation of leakage flux, 
ampere turns, secondary burden, etc. 
A concrete illustration of this statement 
is afforded by the bar or through-type 
transformer having a single primary turn. 
In this type the magnetic field is alto- 
gether different from the wound type, and 
a totally different method of evaluating 
the leakage flux must be used, but having 
established the values of leakage flux 
entering the core the method of deter- 
mining the flux densities in the core is 
exactly the same as with the wound type. 
In passing it might be mentioned that in 
the case of high-current bar or through- 
type transformers, particularly those 
with only two secondary coils, the leak- 
age flux is generally of much more im- 
portance than in other designs. 

A detailed discussion of a precise defi- 
nition of accuracy including the effects 
of wave-form errors is beyond the scope 
of this paper, but since the exciting cur- 
rent is responsible for the added compli- 
cations of harmonics the subject of wave 
form should not be passed over without 
mentioning the importance of the method 
of making exciting-current tests. At high 
flux densities in magnetic cores har- 
monics become a large per cent of the 
effective values of voltage or current or 
both depending on the test setup, and 
results may vary over a wide range de- 
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pending on the wave form of voltage ap- 
plied and the methods of measurement. 
On the basis of both experience and theo- 
retical considerations, in the writer’s 
opinion, the most satisfactory method 
of making exciting-current tests for cur- 
rent-transformer accuracy calculations is 
to apply a sine-wave voltage to a coil of 
low resistance wound on the core, and 
measure both the current and the voltage 
with an instrument such as a vibration 
galvanometer or separately excited dy- 
namometer instrument which will give 
the fundamental components of the 
voltage and current waves. For tests at 
very high density the actual transformer 
coils and core should be used, the ex- 
citing current being applied to the pri- 
mary coil and the voltage measured on 
the secondary. 

While the method of calculation here 
presented is subject to the limitations im- 
plied in the assumptions and discussed 
previously, it can be used with reasonably 
good results for the calculation of over- 
current accuracy up to a current where 
the maximum magnetizing force in the 
core is about 300 ampere turns per inch. 
For many cases this will be high enough. 
Curves, figures 7 and 8, show results that 
may be expected up to limit specified. 
On some transformer designs which by 
virtue of their geometry have no leakage 
entering the core, the flux density in the 
magnetic circuit is uniform throughout its 
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Figure 8. Overcurrent accuracy, transformer 
number 2 (see table 1) 


Burdens (volt-amperes based on five amperes): 
3— 50 volt-amperes, 50 per cent power 


factor 

4—100 volt-amperes, 50 per cent power 
factor 

5—200 volt-amperes, 50 per cent power 
factor 


Solid curves—Test values 
Dashed curves—Calculated values 


length. In such cases, the overcurrent 
calculations can be carried out success- 
fully above the limit specified above. 
With regard to the practical value of 
the method of calculation here presented, 
the method is quite useful in designing 
transformers to meet special require- 
ments or specifications. It is also valu- 
able in comparing the worth of proposed 
designs, and its value in this respect is 
enhanced by the fact that to test such 
proposed designs it is necessary to make 
several samples on account of the un- 
certainty with most core materials in ob- 
taining a representative core in any par- 
ticular sample. Another value in the 
method of calculating the accuracy is to 
be able to compare the relative advan- 
tages of different core materials in a given 
design, where again, if actual tests are 
made a number of cores will usually have 
to be tried before a representative sample 
is obtained. However, in this case where 


Measured Values Calculated Values 


Ratio Phase Ratio Phase 
Transformer Burden Secondary Correction Angle Correction Angle 
Number (Ohms) Amperes Factor (Minutes) Factor (Minutes) 

eset f0.5 . 0.9994 pees kure: PE OOD tectcrerors 4 
X=0 eS Ee (0), 996i a ae ONG Ai QOO4s teafernner sis 0 

ag R=0.98 WONG eek 1 0043 eek: Clee oe 1AO0B02 «crocs 6.5 
(pon U5 ESOP OO TS! ccecanautis —0.5 MEOROOSO nt aeee -1 
R=0.24) ORD iatera ies» ace A MOODS 5 carn atotate a OOS O iekelaratetes 17 
3 X= Re eee OM ara leic 1 003 0) ome 6 sal 0029 etrcateretags 6 
ae a cas gay f0.5 POLS Sten a eee tere LOO, 17 
X =1.53 Yat aero eROEeS L O0G4 Seca Wen es ars O07 Oia ses 1 
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transformers are probably available it is 
almost as quick and more accurate to 
make measurements of flux in the core, 
thereby eliminating that much com- 
putation. If data are then available 
on the materials to be considered, the 
accuracy can be computed from these 
data and the flux measurements. 

Moreover, since considerable equip- 
ment and expense are involved in making 
overcurrent accuracy tests, it is, of 
course, quite valuable to be able to cal- 
culate the performance at high currents 
particularly in designing apparatus for 
special requirements when there is usually 
not time to build and test samples. 


Appendix 


Voltage Induced by Leakage Flux 
in Secondary; Proof of Equation 4 


In verifying equation 4, first consider the 
leakage (@z9+ ,;) figure 5. Since all this 
flux in traversing the space occupied by the 
coils passes outside the secondary copper, 
all that returns along the paths represented 
by the solid lines links all the secondary 
turns and all that returns along the dotted 
paths links no secondary turns. Hence, the 
voltage induced by the amount that returns 
outside the secondary will be zero and that 
which returns inside the secondary coil will 
generate a voltage equal to 2xfN210-8U- 
(®zo+,,;) since U is by hypothesis the frac- 
tion returning inside the secondary. Also, 
since U(@z)+®,,) is in phase with thesecond- 
ary magnetomotive force the voltage gener- 
ated is —7K U(®;)+,;) referred to the sec- 
ondary current. 

To determine the voltage generated by 
@;. consider any one particular line of flux 
as shown in figure 6. Let the fraction of the 
secondary turns between this line of flux and 
the inside of the secondary coil equal S. If 
the line of flux returns along the path num- 
ber 1, the voltage generatedis —jKS. If, on 
the other hand, the line of flux returns along 
path number 2, the voltage is +jK(1—S). 
The algebraic difference, 7K (1—S) —(—7KS) 
is readilyseen tobej7K. Hence, the difference 
in generated voltage obtained by changing 
the return of the flux line from path number 
1 to path number 2 is 7K and is the same as 
the voltage generated by a line following 
path number 3. But the flux line consid- 
ered is any line passing through the second- 
ary copper, and, therefore, the result must 
be true for all such lines. Consequently, 
the voltage difference due to changing the 
paths of N such lines from inside to outside 
is7KN. Therefore, if the voltage generated 
by assuming all $;, returns along path num- 
ber 1 is Ey, the voltage Ey, generated when 
(1— Y)®;, lines return along path number 2 
is E,=E,+jK(1—Y)®;, where Y is, of 
course, the fraction of ®;, returning inside 
the secondary as assumed in equation 4, 

It can be shown* that if d,=the mean ra- 
dius of the inside of the secondary coil (that 
is, 1/gr times the length at the inside turn) 


* See ‘Principles of Alternating-Current Machin- 
ery’ by Ralph R, Lawrence, second edition, pages 
188 and 189. 
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and d;=the thickness of winding in inches, 
the voltage E, is given by the equation 


2N,272| d 2 
E,= “iat = [a+] ; x 


(2.54)10~8 


the 2.54 being the factor to change the for- 
mula from centimeters to inches. 


did, | dy? 
Ey= ~in(°* | ae lee 


In 3 
and 
6.4.Nol2| dade . dy? 
= et i 11 
Pr» L, [2842 (3) (11) 
ds dy 
hoe 3 ae 
ee 4: dy ds 
23 
or 
dud 
Siar 
E,o= —jK ds ds Pre 
Bay 
de 
6) 
E,=-—jK® —— Y-1 
A J ‘| d d; ae | 
DB} 
since 


E,=£,+jK(1—Y)#,, 


or 
SSN 
E,=—jK®,,,-Y— 1-— d 7p 
4 
| Gal \| 
if 
dy ds 
es 
12 
ia (12) 
eS 


is set equal to qg and m equal to (1—gq), then 
E,=-—jK®,,[Y—m] (13) 


It is evident that g will be between 2/; and 
3/,. Asa matter of fact, it will be generally 
very nearly #/; making m very nearly 1/3. 
It can, moreover, be shown that the value 
of m®z,2 is exactly the same if ®z» is calcu- 
lated as shown in equation 1 and m is taken 
equal to 1/3 as it is if m and ®;. are computed 
as shown in formulas 11 and 12. 

Using the latter combination it is seen 
that 


L /] 
m® 72 = (1—g)®z2=) 1— a x 
| ds ds 
83 
fa Pc Nola an( 242) | 
Bers SEA, 
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Ne , (4 2d &) 
morn btn eg, (S48 3.4 
Nol, , [ds , de 
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whereas if &z2 is computed as in equation 1 


Pr. Se EG | 


3.2.Nol dz 
Pp2= = wis (a.+2) 


In 2 
6.49 Nola dh dy 
ae 88: (444) 
1 Nols dy, de 
os ®,.=6.40r i (+2) 


which is exactly the same as the value of 
me 'L2 above. 

While the method of calculating ®z2 as 
given in equation 1 gives a slightly lower — 
value than that of equation 11 the value of 
@,, is higher so that the total leakage 
(72+ 79+) is practically the same either 
way; and equations 1, 2, and 3 are some- 
what simpler to use. 

Therefore, using the latter formulas for 
the leakage fluxes and taking m=1/; it is 
evident from quotation 13 that 


E4=—jK®1:( Y—*/s3) 


Now the voltage generated by the leakage 
fluxes, Ez, has two parts, one, that generated 
by ®z. and ©;; shown in the first part of the 
appendix to be —7K(@z9+-m) U and second, 
the part generated by ®z2 which is Ey, 


ets —jK U(®po+ £2) —jK®rz2( Y —1/3) 


This relation is readily seen to be equation 
4 given previously. 
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N most engineering measurements the 

readings obtained at a given time 
depend upon a number of conditions, such 
as temperature and barometric pressure, 
existing at the time of the test. Insome 
cases the effects are very small, com- 
pared to the accuracy desired in the re- 
sult, and can be neglected. In other 
cases prevailing conditions have a de- 
cided effect on the numerical values of 
the test results. For instance, in a 
determination of the boiling point of 
water, it is very necessary to consider 
the barometric pressure. In measuring 
the flashover voltage of an insulator, the 
temperature, pressure, and humidity each 
has a measurable effect on the observed 
value. Therefore, it has become neces- 
sary to select standard conditions to 
which certain measurements may be 
referred. This permits measurements 
made in different laboratories or at dif- 
ferent times in the same laboratory to 
be compared directly. Certain values 
have been chosen, such as 760 millimeters 
barometric pressure, to which measure- 
ments for any physical or electrical 
quantity usually are referred, regardless 
of where in the world a particular meas- 
urement is made. This is a very con- 
venient practice and greatly simplifies 
comparisons and use of engineering 
data. 

It is therefore proposed to consider 
reference values for the temperature, the 
atmospheric pressure, and the humidity 
of the air. Because of their influence 
on measurements and on the rating of 
apparatus, the effects of these conditions 
have been analyzed. Reference values 
have been selected and correction factors 
for nonstandard conditions determined 
by interested standardizing groups. Cer- 
tain values have been chosen as reference 
values because of average conditions pre- 
vailing at the time original tests were 
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Reference Values for Temperature, 


Pressure, and Humidity 


P. H. McAULEY 
ASSOCIATE AIEE 


made or because of ease in maintaining 
a certain condition. A review of current 
practices indicates that 20 degrees centi- 
grade is a favored reference value for 
physical and chemical quantities in both 
United States and international use. 
On the other hand 25 degrees centigrade 
is deeply rooted in American electrical 
practice. The agreement .on a baromet- 
ric pressure of 760 millimeters is uni- 
versal, With respect to humidity, there 
is not much consistency in the reference 
values used or in the units in which they 
are specified. Humidity is important in 
fewer cases and its effects have been ap- 
preciated and evaluated more recently. 


At times there is little advantage in 
the use of one reference value over another 
and, lacking organized co-ordination, 
slightly different values have been in- 
troduced in various standards. Although 
it may be impractical to remedy this un- 
desirable condition in all cases, it is 
hoped that the information collected 
here will help to avoid further com- 
plication by minimizing the reference 
values adopted in future standards. 

From an engineering point of view 
there are two types of reference values; 
in one case the value is of the nature of 
an average to which values obtained 
throughout a range of conditions may be 
referred or corrected. In the second case 
the problem is one of maximum values 
rather than average. This condition 
occurs notably in connection with the 
thermal limits and therefore the rating 
of electrical machinery. For rating pur- 
poses, the engineer is interested prin- 
cipally in ambient temperatures exceed- 
ing certain values and the time during 
which they prevail. The ambient-tem- 


Table |. Reference Temperatures for Physical Quantities* 


United States 
Preferred Reference 


International 
Preferred Reference 


Quantity Temperature (Deg) Temperature (Deg) 

ROMSE AL VAC c mlastile errant on Gamal reir ZOC | Wibietat, ain emta tan ata eure 20C 
Sonductivity. (Cw) oh.003« a. cies s 20 Ci MES fy oc crntonttes cgi 20C 
Temperature coefficient of resistance (Cu) QO ecere tr elckst s vies tericy Sea erent 20C 
ppecivtic gravity (Cil)ii.. ovine sweats ene ss ZOC  Wilveincrsta sts nytt terres are 20C 
Resistivity: (metals) ees .isGi< os da ate hanes 20C Be dnp Resa chrtntras 20C 
Conductivity. (inetals)7.....crveccscae «> QO Ce aa ctorts onceotceat aa mene 20C 
Temperature coefficient of resistance 

fens TE) Te Ai SAAC See on AIS Icio Oe SO iiretata: cout viene aescste Gua aaeate 20C 
Specific gravity (metals)..........+-++0+ 20 Ce Srava savers, eievaitnesetertaaee sds 20C 
Cross section: (metals) \s <a. c's/sisicstes sates ere SOL 9 ets tac cease eens 20C 
Surface resistivity (dielectrics)........... LS-2ECO PoP accsud MasteaG hs 18-25C 
Volume resistivity (dielectrics)........... SOG Vike teinn veer bot ece cane 20C 
Conductivity (dielectrics)............... DOT Ty igrineinis herein ters cit eirarnts 20C 
Coefficient of linear expansion........... BOY ee Farias Avie oa truss eee 20C 
Coefficient of cubical expansion........... POC rcs alec eiestal. bed cab ierier oie 20C 
Micter lero tit cis wlein's aidan aie ie mie ataiye es OC thar hecareinccl agehiencacts 0c 
RA WOUIETTL CLA Tit sale ohete vel Sipe bs SIE OTIS a6 8 VES SP PAS, ataiSpornutareles Cae cet 0c 
RSE CONMEVS ones coo es ae eon ia OCP aR atin necs niin es 0c 
Aar aetitn ae eee ae fae mentee tice. +) DO), LO LOO Cot ereernune tere nua nvasere mans e iis 15, 15.5C 
Lh AEETEE CAIOIIC.. -.5.caicis1s oils ote rate gape ais D5 C0 ag meaiaefasare she ont a emereteayrcets 15C 
Matanihermnatinit yeh. coerce. OUR 00a tems om oiaion at acs eae 60F, 39F 
Thermal conductivity of air............. OC Melia ate) solani soar 0c 
Coefficient of thermal expansion......... DOC (Ranges) ic sie suse siecah stele iets 20C (Ranges) 
Mersey (L1G yas claiaied ova eye ave lobes (ersiersratalel esis OC ee er ceGrattin Metta aire 0c 
WEST Y (TIsO) 6 classed bias eee ne atnals,<) PUG Me, ters Seeks Str C 4C 
Wensity, (Calcite) scsic:ccieer< »' ave ns sive es «8 ANCE — EAS AAO ect 4 20C 
Specifie gravity (oils)......-++++eeeeeees LOJA Wares sueiesinlstaterplersrssnis) iatata 20/4C 
Wi eights (S1dSS) 5,60 ees el slevolniers sieve ste ee! OC Ria Mitte a ida eahee 0c 
Refractive index (liquids) .............. DOC hava anieh te acta ee 25C—18C 
Refractive index (air))...50edie can setae TEC Pei wasn ae er er nels als 15C 
Cold junction of thermocouples.......... Oe Wiest ara eis eo Unt eee 0c 
Standard cell (Weston).........-ee0e005 LOC pO ean eetnieartecis trative 20C 
Standard cell (Clark) cces suisse +0 V5 Cor a tienteetsta sn eee nie as 15C 
Barometers (reference temperature)...... OP her eens meta ee 0c 
Translational energy of molecule......... Dae iG iorvahc te ctine eceaiaccethacmasitte De 
Angstrom unit (wave length)............ 10 Ol SS he here a RE Toa ee 15C 
Range and velocity of alpha rays........ ray SR ee Ft ora Ree eer he aE oT 0c 
Mobility of ions in gaseS..........-+eees SF rs ee eee aie, ue NV araua-stavate oc 
Resistance of international ohm.......... WE g  Gronasio dor tT otmaned 0c 
Contact potentials.........-+..+s2500:. 15-25C 
Gauges for metal fits (ASA)............. 20C 
Ball and roller bearings (ASA)........... 20C 


*Smithsonian Physical Tables, Smithsonian Meteorological Tables, | 
chanical Engineers Handbook, Penders Handbook, International Critical Tables, 


Tables (German). 
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Chemical Handbook, Marks Me- 
Physical and Chemical 
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Figure 1 standard handbooks and _ engineering 
tables. It is apparent from this table 


A—The temperatures at which high-voltage 
impulse tests were made outdoors at Sharon, 
1936-38 


B—The monthly average temperature curve 
indoors at Sharon, 1936-37 


C—The temperatures at which high-voltage 
tests were made indoors at Trafford, 1936-39 


perature considerations which determine 
apparatus rating are covered elsewhere, *1* 
notably in AIEE Standard No. 1. 

In choosing and correcting to standard 
reference conditions, simplicity of the 
method is very desirable. Therefore, 
the reference value should be selected 
to represent approximately average actual 
conditions and to make the correction 
process as simple as possible. In this 
connection, the background and develop- 
ment of present standard reference con- 
ditions are discussed. Furthermore, the 
importance of dependable correction 
factors to convert performance data to 
the reference conditions is considered. 


Temperature 


(A). REFERENCE VALUES 


Certain specific values in connection 
with temperature are easily determined 
from well-known physical characteristics. 
The freezing and boiling points of water 
are examples. Another value is the 
point of maximum density of water at 
four degrees centigrade. In the begin- 
ning, the temperatures, at which meas- 
ured quantities are given, depended upon 
the ease of obtaining certain temperature 
conditions. As progress was made the 
desirability of using a single or fewer 
reference temperatures became apparent. 
Table I shows some of the reference tem- 
peratures for physical and chemical 
quantities in United States and interna- 
tional use. These values were taken 
more or less at random from a number of 


5. For all numbered references, see list at end of 
paper. 
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that 0 and 20 degrees centigrade are the 
reference temperatures now in most com- 
mon use for such quantities. 

Another common reference value which 
has been adopted, particularly for elec- 
trical-engineering use in this country, is 
25 degrees centigrade. This value was 
established as the reference for testing 
apparatus. In the report of the standards 
committee and in companion papers pre- 
sented at the 1913 AIEE midwinter 
symposium on standardization and ap- 
paratus rating,! the following parts sum 
up essentially the. basis and reasons 
recognized at that time for selecting the 
25-degree-centigrade value: 


“The reference temperature in the guaran- 
tees should, therefore, be such as can easily 
be secured; that is, it should be the average 
temperature of the places at which the 
apparatus may be operated. This is from 
20 degrees centigrade to 25 degrees centi- 
grade and, as it is easier to raise than to 
lower the room temperature, the upper figure 
is advisable as a reference value. This 
reference temperature, therefore, should be 
chosen as 25 degrees centigrade, which is in 
accordance with the previous AIEE stand- 
ard.” 


“Tt is, therefore, recommended .. . that all 
measurements and tests of electrical ap- 
paratus be based on a room temperature of 
25 degrees centigrade.” 


At this same time, Chubb and Fortes- 
cue presented calibration data for the 
25-, and 50-centimeter sphere 
gaps.” Although temperature and baro- 
metric pressure are not mentioned in 
their article, it is apparent from the dis- 
cussions that the effect of these conditions 
was appreciated. The correction formula 
in use today for temperature and pres- 
sure was given by Peek in his discussion. 
The foregoing explains the use of 25 
degrees centigrade in sphere-gap calibra- 
tion tables in AIEE standards.4 The use 
of this temperature has of course grown 
and for the past ten years, all high- 
voltage measurements have been referred 
to this temperature. 


37.5-, 
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Figure 2. The average temperature curves 
for various regions in the United States (table 
IV) 


A—Locations 1-15 
B—Locations 16-17 
C—Locations 18-19 
D—Location 20 


The present status of reference values 
in the electrical field is summed up in 
table III. In general, 25 degrees centi- 
grade is the reference temperature speci- 
fied for tests and test data on electrical 
apparatus in AIEE and ASA standards. 
On the other hand, AIEE standard on 
conductors refers to the 20-degree-centi- 
grade temperature. International Elec- 
trotechnical Commission Standards* on 
high-voltage practice, insulators, and con- 
ductors are based on 20 degrees centi- 
grade. 

The American Society for Testing 
Materials has standardized a wide variety 
of electrical-insulating material tests for 
many of which temperature and humidity 
are important. Table II gives the 
reference values and_ specified testing 
ranges for a number of ASTM standards. 
This group has recognized the situation 
for some time and are aiming at a refer- 
ence value of 25 degrees centigrade where 
possible. 


(B). TEMPERATURE CONDITIONS 


For proper selection of reference values, 
the conditions of location of test as well 
as location of use are of interest. There- 
fore it should be useful, at this time, to 
consider the merits of different reference 
temperatures in the light of actual con- 
ditions recorded over a period of years 
at typical industrial establishments and 
of the values reported in the climatic 
summary of the United States Weather 
Bureau.® 


(a). Outdoor Use and Laboratories. Figure 
1A shows temperature readings over a 
period of several years at the Sharon, Paes 
high-voltage laboratory of the Westinghouse 
Electric and Manufacturing Company, re- 
corded in the course of commercial and 
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_ development testing of station apparatus. 
_ At this laboratory, tests on apparatus were 


made outdoors and the values shown, there- 


fore, represent outdoor, daytime tempera- 


tures for Sharon. The range in temperature 
is from —9 degrees centigrade to 36 de- 
grees centigrade, a total spread of 45 de- 
grees centigrade. The annual average is 
about 15 degrees centigrade. The April- 
September average is about 24 degrees 
centigrade and during the winter months 
close to 0 degrees centigrade. 
_ A detailed survey of these data plotted 
in figure 14 reveals that temperature 
variations during the day may affect the air 
density three to four per cent and even 
more from one day to the next. These varia- 
tions are clearly apparent from figure 3, in 
which the daily maximum and minimum 
temperatures for Sharon covering the 24 
hours during 1936 are given. Daily maxi- 
mum variations frequently are 10 degrees 
centigrade, occasionally 15 degrees centi- 
grade, and even more during marked changes 
in the atmospheric conditions. From similar 
charts, the annual average temperature dur- 
ing 1936-38 is 9.6 degrees centigrade, a 
value substantially lower than the 15 de- 
grees centigrade annual average for figure 
1A, since the former covers the full 24 
hours of the day and thus includes the lower 
temperatures of the night. The chart for 
1986 (figure 3) is of further particular inter- 
est as it shows a maximum peak temperature 
close to 41 degrees centigrade (July) and 
a minimum peak of —26 degrees centigrade 
(January), both of which, however, were 
sustained for a relatively short time. The 
spread between the more sustained maxi- 
mum and minimum peak values is 60 degrees 
centigrade, to which there corresponds then 
a total air-density change of 22 per cent. 
The climatic summary of the United 
States Weather Bureau gives data on tem- 
peratures that have been recorded at 
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numerous stations located throughout the 
entire country. Average temperatures for 
24 typical locations are listed in table IV. 
Locations 1 to 15 are distributed in the hot- 
summer and cold-winter region. This is 
the northeastern region between 88 de- 
grees north and 45 degrees north latitude, 
which extends from approximately 105 de- 
grees west longitude to the Atlantic Sea- 
board. In this region are located some 
three-quarters of the population and the 
major activities of the country. Curve A 
of figure 2 gives the temperature curve for 
this region as determined from these repre- 
sentative locations. Curve B is for two 
locations at approximately 34 degrees north 
latitude and curve C for two other locations 
on the 80 degrees north latitude. These 
curves clearly bring out the change in tem- 
perature cycle from north to south, that is, 
from the hot-summer and cold-winter region 
into the hot-summer and mild-winter region. 
Curve D is for the extreme southern fringe 
of the country. Due to the moderating 
meteorological influences on the Pacific 
Coast, the temperature for locations 21 to 
24 (table IV) are more uniform than at cor- 
responding latitudes in the east. For the 
northeastern region, the annual average 
(curve A of figure 2) is 11 degrees centi- 
grade; the May-to-August average is 20.8 
degrees centigrade. For the southeastern 
region, the annual average (curves B and 
C) is 18.7 degrees centigrade and the May- 
to-August ayerage, 25.9 degrees centigrade. 
The annual average for the entire United 
States over a period of 50 years is 12.7 de- 
grees centigrade. 


In addition, the climatic summary gives 


the average maximum and minimum tem- 


Figure 3. The daily temperature variations at 
Sharon, 1936 
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peratures. These two limits vary from the 
average an amount depending on the loca- 
tion, For Pittsburgh which is an ‘‘average’’ 
location in the northeastern region, the 
spread of the average maximum and mini- 
mum temperatures from the annual average 
curve is about five degrees centigrade for 
practically the entire year. Much larger 
daily variations can occur as it is clearly 
shown in figure 8, The average tempera- 
tures for Sharon, Trafford, and East Pitts- 
burgh come within one to two degrees centi- 
grade of the Pittsburgh values (location 8 in 
table IV). It is apparent then that the 
temperature data recorded indoors and out- 
doors in testing apparatus, which are pre- 
sented and discussed in this paper, are quite 
typical of conditions!? that are expected 
elsewhere in the northeastern section of the 
country. 


(b). Typical of Large Factory Buildings, 
Machine Test Floors, and Large Labora- 
tories. Figure 1C shows temperature con- 
ditions for a period of yearsiat the Traf- 
ford high-voltage laboratory. Here the 
testing is done indoors although the build- 
ing is not well insulated and there are many 
places around doors which are not tight. 
It is seen that the average temperature 
throughout the year is around 23 degrees 
centigrade. This is very close to the stand- 
ard temperature to which corrections are 
made. The variations in temperature 
measurements in this heated building are 
due to the high temperature gradient from 
floor to ceiling and represent conditions that 
generally are encountered in high-voltage 
laboratories. The distance from the floor 
to the roof is 65 feet and at times the 
gradient may reach 0.5 degree centigrade 
per foot. The temperature values shown in 


the figure were taken for all kinds of tests, 
but usually at the level at the apparatus 
being tested. For a rod gap on the floor, 
the temperature was measured 3 to 4 feet 
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Table Il. Reference Values and Testing Temperatures, in the Room-Temperature Range, 
Specified in October 1939 ASTM Standards on Electrical Insulating Materials 


ee 


Temperature Relative 
or Temperature Humidity 
Material Test or Treatment Range (Deg C) (Per Cent) 
a a ee ee ee eS eee ee ee SS ee 
Physical way varspete oleralels exeketalstelecrenereys 25 +8 
pee tonic DIB aah engi Vena Ps Mein Sonor ene VITRO UN OOO Ad 40 
Laminated tubes............... Pi ysicalererceapie sersionite:sestiereterrteteloters 25 +8 
Laminated rods................ Physical.......sssecessseceseeers 25 +8 
Watnished clotienaaseimcriiiieie Ib 4 Vel) shnododgnddddodhcocagp 20 to 30 
Density: cihacuhiece visti eaiatetaeeee ars 25 2 . 
‘ WISCOSLEY cis psttvatsials cre tniethiaietoniyareres:s.« 25 +0. 
IV AL TMUSILES te rererepereerenereyelare reretcncl om Tinie of dryingsi 74 Onan 25 
Sonditioninig ee arrest varsirsireinatess 25 yee pipet 
: Conditioninigenis <5 )cicisreereleristsreyeleeo « OL deer) oo goo ° 
WC ECAC po 8 oSririot bg { Power factOL tye: /e cloheretel vrsleresretete vies 25 to 30 
; p : Conditioning errs elo leisrets alelaleretenetevers 20 to. oO mmr 50 to 55 
TOR ATT NS Sa Urabe co, Ondo GeOTULO ROC ethobo don 20 approx. 
Shellac chic eceereisicin. sie asein os ore Todinie sim bers, a s.1f)aeleaiersitaenierats 21.5 to 22.5 
Getierall cssstwteniare ort came hounrersiares 21 to 32 
‘ Iodine number and drying time...... 20 to 30 
I aE re Ea ioc  fecexeussayavar daev se atoravenatelaO enenerare 2OMy Piece: 65 
SPECUICHSLAVITY etoteieia sie laitieneroleleusivnsic 20 
MENS Stren Sed te eieisielaiaisvetelsverere ore 20 
Molded materials. ............. 1 Dielectricsanmciat es sae carer 25 
Water absorptionic..c<ccvcueesnae« 25 +2 
Phenolic laminated sheet........ WPOWEEaACtOLostiscle cialis eveleieie cle «1c 20 to 30 
Laminated tibes) chicas: ers s+. «1s Water absorptionin sictelercrsieleclerelsiel sie 25 +2 
Laminated round rods.......... Water absorption....... 5.00 eps es 26 +=2 
Lenistle Stren genr . s:6 cjersicls eiereiviarere, od 20 
Rate of absorption acc) .telslsisieleiecs!s <6 25 +2 
Sheet and plate.............., Totalwabsorpuon mj erenia chemin cts 20 to 30 
Bonding<strength,).\.1.. cess isterisiene.« 20 approx. 
Lard mess ctarerstetteienel sfetetere sreierevversiey tex 25 +2 
Insulating ose sec. 1-pie ares Dielectrict: jaz nese. hears eeeterens roe rite eee 20 to 30 
Electrical porcelain’: 3.0.0... Lensile strength... cjesisteeis ose si¥s 20 approx. 
Filling and treating compounds.. Power factor............sseeeeees 20 to 25 
Untreated paper. iio. .5 50 ose es Gon ditlonin gyi jeeiexs oiesssevd Binlevey areues 20, t0'S0 Foe wes ac0t 65 
Hriction*tape sc... seni sie se sei INAH ES1ON faye levevai sien a efeeraiolelene se veo DOO 22.2 waclecets less than 80 
IRNGD DEL tape ac cis.s) ceietetercisvetene coave Physical <i ssis, stevens ors se cl svdisters e\slevesae 20 to 28 
Rabberi gloves tarersis:s susie setts Blectricalicn ates crercteusetnete tice est 15 to 32 
ASbeStOs! Yarns, eteciecc eels c ieee Conditioning terreiste siete iereiersss! ore OH RIB ERE 65 


above the floor and for a suspension-insu- 
lator string, the temperature measurement 
might be made as high as 30 feet above the 
floor. The average temperatures experi- 
enced indoors at Sharon are shown in figure 
1B. These temperatures were recorded 
at one of the test floors where apparatus is 
subjected to the usual standard commercial 
tests as well as to other tests that may be 
required. The form of this average curve 
is practically similar to that of figure 1C. 


(c). Typical of Living Quarters Such as 
Homes, Offices, and Laboratories in Smaller 
Rooms. Ina well-heated building, consist- 
ing of smaller quarters, during the winter 
months, the temperature is 241 degrees 
centigrade. This conclusion has been reached 
from the temperature measurements over 
a period of time in the engineering laboratory 
building at East Pittsburgh. 


From the foregoing, therefore, the 
problem of reference temperature and cor- 
rection factors is twofold. In the first 
place, the desirability of keeping cor- 


rections small should be kept in mind 
chiefly because of inaccuracies and varia- 
tions in the original correction-factor 
data. The undesirable effect of dis- 
crepancies due to very large correction 
factors can be somewhat minimized by 
using reference values representing aver- 
age conditions. Thus, for outdoor test- 
ing as in case (a), in correcting data to 
a standard temperature of 25 degrees 
centigrade the corrections are, in most 
cases, larger than if a lower temperature 
were used as a reference value. The 
25-degree-centigrade reference value has 
merit for case (c) and also for case 
(b), though it is apparent that there is 
not much to choose between 25 degrees 
centigrade and 20 degrees centigrade in 
these two cases. However, as a general 
rule, it is desirable to have the reference 
temperature higher rather than lower 
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than the average, for it is easier to heat 
than to refrigerate to obtain standard 
conditions for testing. The second part 
of the problem pertains to dependable 
correction factors which are desirable in 
view of the inherent variations in atmos- 
pheric conditions. 


Barometric Pressure (Altitude) 


The barometric pressure of 29.92 
inches (760 millimeters) of mercury has 
been adopted universally as a standard 
reference value. This represents aver- 
age conditions at sea level. The pressure 
of the atmosphere affects the thermal 
limits and the voltage rating of apparatus. 
Much apparatus is tested and used at 
elevations above sea level and conse- 
quently these effects cannot be ignored. 

For a given location, however, the 
variations encountered in barometric 
pressure throughout the year are rela- 
tively small. Figure 4 shows readings at 
the Sharon laboratory during 1936-38. 
Each reading was taken at the time of a 
voltage flashover test. A +1.5 per-cent 
band from the average includes practi- 
cally all variations and a detailed examina- 
tion of the records shows that diurnal 
variations seldom exceed 0.5 per cent. 
In a few instances only did the barometer 
vary from one day to the next as much as 
2 per cent. To the meteorologist, these 
variations are an important measure of 
the trend in the weather or of prevailing 
conditions, but for the engineering pur- 
pose of this survey, the data hardly per- 
mit other than an average curve drawn 
through 735 millimeters mercury. This 
average value of mercury column cor- 
responds quite well with the altitude of 
the Sharon laboratory which is 890 feet 
(290 meters). The effect of altitude on 
barometric pressure’ is shown in figure 5. 

The AIEE Transactions for 1913 
indicate that the standards in use at the 
time prescribed a correction of one per 
cent of the observed rise in the tempera- 
ture of apparatus for each 10-millimeter 
deviation from the standard pressure of 
760 millimeters. The present standards 
state that specified ratings hold for eleva- 
tions up to 1,000 meters. This is a 
gratifying example of the simplification 
of practice in using a reference value, 
which is so desirable. It is noted in 
passing that AIEE Standard No. 11 for 
Railway Motors states: ‘‘Machines rated 
in accordance with these standards may 
be tested at any altitude not exceeding 
1,200 meters and no correction shall be 
applied to the observed temperature rise’. 
AIEE Standard No. 16 for Railway Con- 
trol Apparatus gives the usual figure of 


ELECTRICAL ENGINEERING 


CSnded 


Ne 


ALTITUDE-FEET 


1,000 meters. AIEE Standards for Trans- 
formers in addition to the 1,000-meter 
range give a correction for temperature 
rise tests made at altitudes greater than 
1,000 meters. 

At 1,000 meters the normal barometric 
pressure is 675 millimeters. Based on 
the old AIEE rule, an observed tem- 
perature rise at this altitude would be 
reduced eight per cent by the correction. 
As indicated above, present practice is 
to ignore altitude corrections up to 1,000 
meters and to classify equipment for use 
at higher altitudes as “high-altitude ap- 
paratus’”. This applies to voltage as 
well as to thermal ratings. This simpli- 
fication of the problem recognizes the 
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Figure 5. The effect 
of altitude on baro- 
metric pressure 
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impropriety of permitting a few applica- 
tions to complicate the majority of ratings 
and measurements. For voltage flash- 
over measurements, however, it is stand- 
ard practice to combine barometric and 
temperature corrections under relative 
air density. 

A recent occurrence is a backward step 
in progress toward uniformity of engineer- 
ing practice. The United States Weather 
Bureau in July 1, 1939, adopted the prac- 
tice of using the millibar as the unit of 
pressure. A bar is one dyne per square 
centimeter and 1,013.3 millibars corre- 
sponds to 760 millimeters, the standard 
atmospheric pressure. Several years ago 
the millibar was adopted for aerological 


observations and enjoys international 
use in this limited field. From an engi- 
neering point of view this action is re- 
grettable. Barometric pressure invari- 
ably is expressed in terms of the height 
of a mercury column, both in standards 
and in laboratory practices. The use of 
Weather Bureau data will therefore 
require the use of a conversion factor. 

The problem of barometric pressure in 
engineering measurements is a case 
where a single standard exists and where 
agreement on the unit of expression is 
reasonably consistent. Corrections have 
been minimized by standardizing on a 
range where possible. This fortunate 
situation is partly because the range of 
pressure variations in practice is small 
and the effects thereof on measurements 
and ratings correspondingly small. The 
growing use of electrical apparatus for 
aeroplanes eventually may lead to some 
modifications of present practices con- 
cerning ratings. 


Humidity 


Nearly 30 years ago the effects of 
humidity of the air on temperature rises 
of machinery were investigated and found 
to be negligible. It was also found that 
sphere-gap spark-over values were not 
influenced by humidity. Changes in 


Table Ill. Reference Values in Apparatus Standards 
Reference Values** 
Tem- Barometric 
perature Pressure Humidity 
Standard* Apparatus (Deg C) (Mm) (Mm Hg) Correction Factors Specified 
AIEEE No. 4—1940............ Measurement of test voltage in dielec- 
HtiG. £OSC ey ie. oc caw aeons ® Shod = seen 2D igiotets setae COO ne irateratsts UG AD terete Oates: Relative air density 
AIEE No. 41—1940.........6 Insulator tests (insullators)......0.00cs2cececees PABA AAS St VAJUE SCoanon 15.45 
PAT ES Fe —— FISTS So cleiain'c vow esse ELECTRICAL ENGINEERING, December Fy 
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nvariably specify an altitude not exceeding 1,000 meters as usual service condition. AIEE Standard No, 11 (‘‘Railway Motors 
on Rail Cars and Locomotives’) is the exception as it gives 1,200 meters, 


pages 598-602; also ELECTRICAL ENGINEERING (AIEE TRANSACTIONS), June 
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Table IV. Average Temperatures* 


Climatic Summary of United States—Weather Bureau, United States Department of Agriculture (Degrees Centigrade) 
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* Average for the various locations in from 40 to 100 years. 


flashover values of insulators and point 
gaps with humidity were observed, but 
it was less than 10 years ago that more 
complete quantitative tests* were started. 
AIEE Standards No. 41 for insulators 
gave a formula for determining the 
humidity from the wet- and dry-bulb 
temperature readings in terms of the 
vapor pressure in inches of mercury and 
specified 0.6085 inch as the standard 
humidity. It was stated that flashover 
voltage shall be determined at or corrected 
to this standard humidity, but no cor- 
rection factors were given and the control 
of humidity for much high-voltage test- 
ing was impractical. The standard hu- 
midity value was arrived at by choosing 
65 per cent relative humidity at 25 de- 
grees centigrade and 760 millimeters 
pressure as the standard. This repre- 
sents average conditions in the summer 
months when many insulation troubles 
appear due to lowered leakage resistances 
and to the lightning season. 


The annual humidity variations at the 
Sharon and Trafford laboratories as 
measured in the course of high-voltage 
testing are shown in figures 6 and 7 and 
may be regarded as typical of the more 
populated sections of the country. Diur- 
nal variations in the absolute humidity 
of 0.10 inch mercury are common, but 
seldom exceed 0.20. From one day to 
the next, the humidity may vary from 
0.20 to 0.80 inch mercury. The total 
spread for the year may reach 0.80 inch 
mercury, to which amount there cor- 
responds a humidity correction factor of 
25 per cent for some of the station and 
line apparatus. The annual average for 
the recorded data in the figures is close 
to 0.40 inch mercury. In the summer 
months, the average is above 0.60 inch 
mercury. It is at once seen that from a 
laboratory viewpoint the 0.6085 inch 
standard is too high. About 80 per cent 
of the testing is carried on at substandard 
conditions. This means a higher per- 
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centage correction factor and test results 
are correspondingly more at the mercy 
of the accuracy of the correction factors. 
These, of course, were based on a limited 
amount of data. However, the difficul- 
ties of changing the standard on which 
so much work has been based in deter- 
mining insulation values and in setting 
insulation levels have made acceptance 
of the above undesirable feature much 
more attractive than the confusion of 
changing. 

The laboratory subcommittee®.!° of the 
EEI-NEMA Joint Committee on Co- 
ordination of Insulation have been work- 
ing on the problem of the influence of 
humidity in connection with insulation 
problems for many years. Similarly, the 
International Electrotechnical Commis- 
sion has carried on work of this nature 
abroad. The IEC has adopted a stand- 
ard humidity of 11 grams per cubic 
meter, which corresponds to 0.45 inch 
vapor pressure. This is much closer 
to average testing conditions throughout 
the year. It would be convenient to have 
the United States and International 
standard agree to facilitate comparing 
data. This is a matter for the interested 
committees to consider. Fundamentally, 
the problem is one of the inconvenience of 
changing established values rather than 
of the intrinsic merits of a particular 
standard. 

An undesirable situation prevails in 
connection with wet flashover testing. 
AIRE standards for circuit breakers and 
for transformers call for wet testing of 
bushings with a precipitation of 0.1 inch 
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per minute and a resistivity of 12,000 
ohms per centimeter cube. AIEE stand- 
ards for insulators specify wet flashover 
testing at a precipitation of 0.2 inch per 
minute and a water resistivity of 7,000 
ohms per inch cube. AIEE standards 
for lightning arresters specify at least 0.1 
inch of water per minute with the resis- 


_ tivity of 5,000 ohms per inch cube. The 


IEC groups have discussed standardiz- 
ing on 3 millimeters per minute pre- 
cipitation and 9,000-10,000 ohms per 
centimeter cube resistivity. A commit- 
tee has been appointed to study and re- 
port on this situation and it is hoped that 
a simplification of testing procedures will 
result. 


Summary 


Reference values in present use are 
partly a product of history and were 
partly selected as a result of analysis. 
In some cases they represent average 
conditions and sometimes they do not. 
For certain applications different stand- 
ardizing groups use different values and 
co-operative activities are thereby hin- 
dered. 

An attempt has been made here to 
show the relation of reference values to 
variations found in practice. In most 
cases correction factors are available 
to correct measured values to standard 
conditions. The importance of correc- 
tion factors is shown by figure 8 which 
gives the correction factor for humidity 
for the 60-cycle flashover voltage of 
suspension insulators. This indicates a 
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Figure 7. Humidity 
at the Trafford labo- 
ratory for indoor 

tests, 1934-38 
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correction of 16.5 per cent for tests made 
at 0.1 inch vapor pressure, a common 
condition in the winter months. Hence, 


from this point of view the selection of 

reference levels to minimize correction 

factors is to be recommended. 
Attention is called to existing condi- 


Bae 
aaa 
a 


x 
a 
« ge 
Bi ee 
28 a a 
a 
: bo BOT hal 
aS 
ee EE: 
eee aie 
0.88 | 


° 0.2 0.4 0.6 0.8 1.0 12 
INCHES OF MERCURY-VAPOR PRESSURE 


Figure 8. The importance of correction factors 

is indicated by the 20-per-cent spread in flash- 

over voltages for the changes in absolute 
humidity indicated in figures 6 and 7 


Humidity correction factors for 60-cycle flash- 
over of rod gaps and suspension insulators; 
multiply measured kilovolts at humidity of 
abscissa by the correction factor 
Standard humidity 0.6085 inch (15.45 
millimeters) 
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tions, particularly where they are not 
conducive to easy comparisons of testing 
data and to simple testing procedures. 
It is hoped to stimulate the study of the 
problems involved and to assist present 
and future standardizing bodies in avoid- 
ing the confusion of the past and in 
organizing further work on a rational 
basis. At best all reference values and 
specified testing ranges must be a com- 
promise for broader variations encoun- 
tered by equipment under service con- 
ditions. Therefore, it seems reasonable 
to minimize the number and the ranges 
of the reference conditions. 
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Rating of Potential Devices and 
Suggested Material for a Standard 


J. E. CLEM 


FELLOW AIEE 


HERE has been an evident need for 

an exposition of the factors relating to 
the rating of capacitance potential de- 
vices and to their application. It is our 
intention to review this situation indi- 
cating the several limitations which 
govern ratings and application, and to 
offer material which may be used in the 
preparation of standards for potential 
devices. Vacuum-tube equipment is not 
covered. The authors were requested 
by the AIEE relay subcommittee to 
write a paper outlining the basis of rating 
for the purpose of formulating standards. 


Description of Device Circuits 


The potential device may be defined as 
a voltage-transforming equipment used 
in conjunction with a high-voltage bush- 
ing or capacitor as a source of energy to 
provide a low voltage suitable for operat- 
ing instruments and relays. The output 
voltage may be corrected by one of sev- 
eral means to obtain the desired instru- 
ment voltage and phase angle. 


LINES OF DEVICES 


Practice has resulted in two varieties 
of capacitance devices, one for operation 
with bushings having a capacitance tap, 
and one for operation with coupling ca- 
pacitors such as used for carrier-current 
work. The former is commonly re- 
ferred to as a ‘‘bushing-potential device’’ 
and the latter as a ‘“‘coupling-capacitor 
potential device’’. 


TYPES OF DEVICES 


Practice has also resulted in two gen- 
eral types of devices as used with coupling 
capacitors, and they may be designated 
as “quadrature” and ‘in-phase’, respec- 
tively. With the ‘‘quadrature device’ 


Paper 40-94, recommended by the AIEFE commit- 
tees on protective devices and standards, and pre- 
sented at the AIEE summer convention, Swamp- 
scott, Mass., June 24-28, 1940. Manuscript sub- 
mitted April 24, 1940; made available for preprint- 
ing June 5, 1940. 


J. E. Crem is in the central-station engineering de- 
partment of the General Electric Company, Sche- 
nectady, N. Y.; P. O. LANGcurTzH is in the switch- 
gear engineering department of the Westinghouse 
Electric and Manufacturing Company, East Pitts- 
burgh, Pa. 


1. For all numbered references, see list at end of 
paper. 
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the maximum output is obtained when 
the phase angle between the output 
voltage and the impressed line-to-ground 
voltage of the phase to which the device 
is connected through the coupling ca- 
pacitor is approximately 90 degrees. 
With the ‘in-phase device” the rated 
output is obtained with these voltages 
substantially in phase. It is not essen- 
tial, however, that the quadrature device 
always be adjusted for 90 degrees, and 
hence it may be more aptly termed “‘out- 
of-phase”’ device. It is essential that the 
in-phase device always be adjusted for the 
in-phase relation, to obtain rated out- 
put and performance. However in some 
cases, an in-phase device may be ad- 
justed to obtain an angular shift at the 
expense of rating and performance char- 
acteristics. 


DEVICE CIRCUITS 


Much has been written about the 
theory of operation of these devices. 
Basically, the device consists of a trans- 
former for voltage reduction and a react- 
ance, or auxiliary burden, for phase- 
angle control. When used with a cou- 
pling capacitor the device may be con- 
nected in series with the main capacitor, 
or in shunt with a portion of it, whereas 
when connected to an apparatus bush- 
ing, the shunt arrangement only is used. 

The most usual circuit arrangements 
are as shown in figure 1, (a)—(f). 

Quadrature or Out-of-Phase Circuits. 
The circuit of figure 1a is the simplest and 
least useful and may be used when the 
phase angle of the secondary voltage is a 
matter of indifference and the load burden 
is exactly right to obtain the required 
voltage. If the load burden becomes dis- 
connected the voltage rise will be limited 
only by the insulation strength of the 
transformer, or by the flashover of a pro- 
tective gap. Its use should be dis- 
couraged. 

Figures 1b and Ic are the circuits com- 
monly used with the out-of-phase de- 
vices, and it should be noted that in 
figure Ic the auxiliary burden must in- 
clude an inductive reactance to com- 
pensate for the capacitive reactance of 
C2, if true quadrature performance is 
desired. The magnitude and phase angle 
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of the output voltage is controlled by ad- 
justing the value of the auxiliary burden, 
which consists of resistance, inductance, 
and capacitance. If the load burden 
becomes disconnected the voltage will 
assume a value determined by the setting 
of the auxiliary burden. 

In-Phase Circuits. The circuits of 
figures 1d, le, and If, are those com- 
monly used with the in-phase devices, 
depending upon the location of the con- 
trol, or series, reactance Z,. The value 
of the series reactance is closely equal to 
the reactance of the auxiliary, or shunt, 
capacitor C, and is adjustable, mainly 
for phase-angle control. The capacitor 
C, is also adjustable in value to correct 
the power factor of the burden to unity. 
If the device secondary becomes short- 
circuited the voltage on the device pri- 
mary will rise and be limited only by the 
losses or by the flashover of the protec- 
tive gap. 

Procurement of voltage at zero phase 
angle error primarily involves the use of a 
tapped bushing, tapped capacitor, or the 
equivalent, which in reality becomes a 
capacitance potentiometer. The tap volt- 
age when supplying a totally capacitive 
burden will be in phase with the line-to- 
ground voltage of the coupling capacitor 
or bushing. A burden, other than zero 
power factor, will cause a phase displace- 
ment of the output voltage depending on 
its location in the circuit and the angular 
relation of the capacitor charging current 
and the burden current. This inherent 
phase displacement is corrected by the 
use of the inductive reactance Z,. 


Factors Affecting Rating 


The rating of a potential device will 
depend upon economic and performance 
limitations that may be imposed. Fac- 
tors involved in determining rating are: 


1. Line voltage and frequency 


2. Capacitance (electrostatic capacity) of 
the bushing or coupling capacitor 


92 


3. Permissible operating tap voltage on 
primary of device transformer 


4. Insulation level of the device, and shunt 
or auxiliary capacitor 

5. Characteristics and requirements of 
burden to be energized 


6. Over-all performance requirements 


AVAILABLE VOLT-AMPERES 


The maximum volt-amperes available 
for potential-device operation depends 
on the line-to-ground charging current 
through the bushing or coupling capaci- 
tor and the operating tap voltage at which 
the potential device diverts this current 
for instrument use. Roughly the prod- 
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uct of these two quantities represents 
the maximum volt-amperes available 
from the transmission line. Practical 
considerations place a limit on the charg- 
ing current and operating tap voltage. 
The voltage rating of the bushing, or the 
actual carrier coupling, fixes the capaci- 
tance. The operating line voltage and 
frequency determine the charging current 
that passes through this capacitance. 


WATTS OUTPUT 


The output in watts of a potential de- 
vice may be more accurately expressed:! 


W=2nfC,EE; sin a—K 


where f is the system frequency, C, is the 
capacitance line to tap, E and £» are re- 
spectively the line and tap voltage to 
ground with the angle a between them. 
K represents the loss in the device net- 
work. The actual rating of a device is 
somewhat less than the maximum theo- 
retically available to insure satisfactory 
operating performance. The term 27f(E 
is the charging current and term E, is 
the operating voltage at which the poten- 
tial network is normally energized. This 
voltage usually dictates the insulation 
level of the transformer and the shunt or 
auxiliary capacitor which will be used in 
the circuit. 


EFFECT OF SERIES REACTANCE 


The use of series reactance for phase- 
angle control (in-phase device) will affect 
the transformer operating voltage and the 
resultant voltage on the auxiliary, or 
shunt, capacitor. The circuit may be 
analyzed by several methods. However, 
without going into detail, the network 
resolves itself into an essentially parallel 
resonant circuit wherein the bushing or 
coupling capacitor capacitive reactances 
are fixed and the equivalent inductive 
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reactance may be varied. The operating 
tap voltage will increase as the induct- 
ance in the circuit is increased, up to the 
point of resonance, for any fixed load im- 
pedance. The rating of a device must 


- not be such that will result in a voltage 


across the tap and transformer in excess 
of their individual insulation ratings. 


PROTECTIVE GAP 


A protective gap is connected across the 
tap circuit or transformer primary to 
provide overvoltage protection in serv- 
ice, and when so protected the device 
should be able to withstand the over- 
voltages to which the coupling capacitor 
or bushing may be subjected. The setting 
of this gap must be co-ordinated with the 
normal-frequency voltage that may be 
obtained during the fault period and with 
the voltage rating of the component parts 
of the circuit to be protected. The gap 
should not operate at less than twice nor- 
mal voltage at normal frequency, other- 
wise incorrect voltage may be imposed on 
the relays. Thus the setting of an insula- 
tion level for the component parts of the 
device will depend on the maximum nor- 
mal operating voltage of the tap circuit 
or potential transformer, which in turn 
will govern the output of the over-all 
equipment for a given voltage class of 
bushing or coupling capacitor. Naturally 
economic factors will also affect the set- 
ting of the insulation level and ultimate 
size of the equipment. 


BURDEN REQUIREMENTS 


The requirements of the burden to be 
energized, such as phase angle displace- 
ment of the voltage and permissible ratio 
error will affect the required character- 
istics and rating of the device. For in- 
stance, if voltage indication only is re- 
quired at normal operating voltages, de- 
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Figure 1. Typical circuits used for potential 
devices 


C,—Line-to-tap capacitance, sometimes cou- 
pling capacitance 
C2—Tap-to-ground capacitance, sometimes 
auxiliary capacitance, sometimes shunt capaci- 
tance 

B—Useful burden 

AB—Auxiliary burden for control 
Ca—Power-factor-correction capacitance 
Z,—Series reactance for control 


vice regulation and phase-angle displace- 
ment are of no concern and the simplest 
form of device would be satisfactory. On 
the other hand, if certain types of high- 
speed relays are to be energized a much 
more accurate device will be required. 
This latter type of burden requires an 
accurate reproduction of the primary 
voltage both as to phase angle and ratio 
over a large range of line voltage and 
secondary burden. Nonlinear burdens 
represent a special case and their use 
leads to instability of the combined de- 
vice and burden circuit for certain condi- 
tions of operation. 


Performance Features 


The over-all performance of a device 
includes: 


(a). Performance Characteristics 


1. Regulation, or change in ratio and phase 
angle, with variation in burden, at constant 
applied voltage. 


2. Regulation with variation in applied 
voltage, at constant burden impedance. 


Note: The regulation is usually given on 
the basis that the device is initially adjusted 
for normal voltage and burden impedance. 


(b). Transient Characteristics 


The transient characteristics consist of the 
rapidity and fidelity with which the device 
follows changes in the system voltage, and 
the freedom from instability under normal 
and fault conditions. 


REGULATION 


The ratio and phase-angle performance 

of a device may be represented by:? 
A 

Ey = Ey) —ThZ a E, 
where EF, and J, are the burden voltage 
and current respectively; ,, the no- 
load voltage; Z the total equivalent po- 
tential device impedance; £, the line-to- 
ground voltage, A the relation between 
certain impedances, and the ratio of 
the potential-device transformer. These 


relations show that increased burdens on 
a given device generally result in in- 
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creased ratio and phase-angle errors. 
This is due to the increased range of volt- 
age on the potential device or tap circuit 
and to increased losses in the potential 
network. 


TRANSIENTS 


Transient performance depends on the 
constants of the potential network used, 
the power factor, and type of the burden 
energized. All of these are interrelated 
with the device rating and the excitation 
requirements of the potential network. 


EFFECT OF TEMPERATURE CHANGES 


The effect of temperature changes on 
the performance of potential devices 
may be considered in two steps: the 
effect inherent in the device itself; and 
the effect resulting from the changes in 
burden characteristics due to tempera- 
ture changes. In the case of the in-phase 
device the temperature effect is practi- 
cally negligible from either consideration 
for the usual conditions of operation. 


formers. This is done because the watts 
output is actually the limiting factor 
and also the best performance character- 
istics are obtained when the burden is 
substantially at unity power factor. 
The performance characteristics consist 
in limits of change in ratio and phase 
angle for variations in burden or pri- 
mary voltage. 

Operation at other than rated high 
voltage will affect the rated output watts, 
or secondary voltage, or both. For in- 
stance, a device may be applied on a 
138-kv circuit at a point where the oper- 
ating voltage is 132 kv. In this ease rated 
watts output may be obtained but the 
secondary voltage normally will be 110 
volts, etc. 

Another case is where the apparatus is 
operated at a circuit voltage corre- 
sponding to the next voltage class below 
normal insulation rating. For such a 
condition a special device must be used 
and the device output is derated in pro- 
portion to the reduction in primary volt- 


Table |. Maximum Ratio and Phase-Angle Deviation With Variation in Applied Voltage 
Class A Class B Class C 
Per Cent 
Primary Ratio Angle Ratio Angle Ratio Angle 
Voltage (Per Cent) (Deg) (Per Cent) (Deg) (Per Cent) (Deg) 
TLOR eaveis sieeve SSG DUODOGOO eS cetereetetere es Do irevadvecante Bie Dons pies: dis. ere HED Sous ea dauatolone = 5 
LOO N ereisinr cere Ct an Hiaociaa ot Narroh qamnyae aD ere emeto tenons SHED, hes'sves se Meenas wD setae erect += 5 
MOEN ira tate lee ctene ete tsens Seatac ciicsencns teksts Ste eca\ ener aie va aiectue tbe eel enaneieeeaeencronetona orale isla aan BEB is aye ohaele Pave +10 
QBS erica cates ED ae eerie EES sitet ete Meise cyere SO RRA. EM HAC a= 6 
LP Arpt Beh Geter oe eid EDLs lenetaraiictone ve SDs ciecoueckneiens +12 


* Device to be initially adjusted within these limits. 


For the case of the out-of-phase device 
the inherent effect is also negligible ex- 
cept in regard to the coupling capaci- 
tance (auxiliary or shunt capacitance not 
used) for which a change of 2!/, per cent 
may take place for a temperature change 
from —20 degrees to 130 degrees Fahren- 
heit. Changes in burden, including the 
auxiliary burden, due to changes in tem- 
perature affect the performance in ac- 
cordance with the characteristic curve. 


Basis of Rating 


Potential-device rating is expressed on 
definite primary and secondary voltages, 
the watts output, and the performance 
characteristics. The primary voltage 
ratings are the standard high voltages 
such as 115 kv, 138 kv, etc. The corre- 
sponding secondary voltages are 115 
and/or 66.4. 

The output rating of potential devices 
is given in watts, instead of volt-amperes 
as is customary for potential trans- 
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age, and normal secondary voltages and 
performance characteristics obtained. 


EFFECT OF BUSHING CAPACITANCE 


The low capacitance of apparatus 
bushings limits the charging current 
available for potential-device operation. 
Impulse characteristics of these bushings, 
and the apparatus in which they are 
installed, place a definite limit on the 
operating tap voltage and thus the ca- 
pacitance of the tap for potential device 
operation. The higher-voltage bushings 
will have a larger charging current than 
the lower-voltage bushings and thus the 
bushing potential device ratings will 
vary with the voltage class of the appara- 
tus bushing. These output ratings will 
vary for each of the accepted standards 
of primary voltage. 


EFFECT OF COUPLING CAPACITANCE 


Coupling-capacitor potential devices 
will have the same rating for any voltage 
class and in general it is higher than for 
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bushing potential devices. The capaci- — 
tance of coupling capacitors for the vari- 
ous voltage classes will in general vary 
inversely with the voltage rating thus 
tending to maintain the same charging 
current and watt output regardless of the 
normal circuit voltage rating. 


GROUNDED OR ISOLATED NEUTRAL 


Potential devices may be used on 
either grounded-neutral, isolated-neutral, 
or impedance-grounded neutral systems. 
In the case of isolated-neutral systems, 
and sometimes for impedance-grounded 
systems, overvoltages in excess of the 
protective gap setting may occur on the 
unfaulted phases. Consequently the ap- 
plication of potential devices should be 
given special consideration under these 
conditions. 


Choice of a Potential 
Device for Relaying 


The in-phase device should be used 
where the following forms of relaying are 
involved: ground directional, phase di- 
rectional, carrier pilot, pilot wire, dis- 
tance. 

The out-of-phase device may be used 
for any one of the following forms of re- 
laying: ground directional, balanced cur- 
rent with voltage restraint, undervoltage 
or overvoltage. It should be noted that 
most directional ground relays are ar- 
ranged for operation from in-phase de- 
vices. If an out-of-phase device is used, 
a change in the voltage circuit of the relay 
is generally necessary. 


RATIO AND PHASE-ANGLE 
CHARACTERISTICS 


The potential device should be chosen 
having ratio and phase-angle accuracy 
commensurate with the degree of accu- 
racy required of the relaying. Generally, 
the accuracy of any in-phase device is 
suitable for all except possibly some forms 
of distance relaying. 

In the case of distance relaying using 
reactance-type elements, errors in cur- 
rent and voltage sources introduce the 
following error in distance measurement: 
Per cent error = 1001 1 eke ae 

Kp sin 


where 


K, =ratio correction factor of current trans- 
former 
Kp=ratio correction factor of potential de- 
vice 
¢=power factor angle of line 
6)=phase-angle error of potential device 
(positive if leading) 
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ees Il. Maximum Ratio and Phase-Angle Deviation With Variation in Burden 


Class A Class B Class C 
Per Cent Ratio Angle Ratio 
Angle Ratio Angl 
Burden (Per Cent) — Weg) (Per Cent) (Deg) , (Per Cent) (Deg) 
SS a ee eee 
OO Maree ccnatrs Coes Ra 1 *& 2 2 ote 
Spatansterety Ria e Gries: 96GB Biase maa tahavers Sra xerbibe sins 9) Mal Rte RONE ceis 
QE Serra eert NOS ree cs ath hare ase ok ee LOS ce ire id Sa A Serer aie ce ah Tico 2 “ 
OW on taaons a Psi tteitae BN win 8c 54 SEA rear atas MLO a stows nn ste RT NTs cass am 


* Device to be initially adjusted within these limits, 


** Limits cannot be set on account of th 
burdens. 


6,.=phase-angle error of current trans- 
former (positive if leading) 


If the per cent error is a positive quan- 
tity, the distance measured will be less 
than the actual distance. 

If impedance elements, which are not 
sensitive to phase angle, are used the 
error, usually small, can be expressed as: 


Per cent error= 100 (:-2) 


P. 


Appendix 


Suggested Material for a Standard 
for Potential Devices* 


There is a need for co-ordinated practice in 
regard to potential devices and in this ap- 
pendix there is presented material suitable 
for standards. It is hoped this will serve 
as the basis for the formulation of potential- 
device standards by the Institute. 

These suggestions have been prepared by 
the authors, reviewed by the AIEE relay 
subcommittee, and are presented here for 
the purpose of bringing them to the attention 
of the industry for comment.* 


. Scope 


These standards apply to potential de- 
vices for use with coupling capacitors and/or 
bushings. 


Terminology 


POTENTIAL DEVICES 


The potential device may be defined as a 
voltage-transforming equipment used in 
conjunction with a high-voltage bushing or 
capacitor as an energy source, to provide a 
low voltage suitable for operating instru- 
ments and relays. 

Note: The term “coupling-capacitor po- 
tential device” may be used to indicate use 
with coupling capacitors, and ‘‘bushing po- 
tential device’’ indicates use with bushings. 


RaTIO 


The ratio of a potential device is the over- 
all ratio of the line-to-ground voltage of the 
phase to which the device is connected to 
the secondary voltage of the device. (It is 
not the turn ratio of transformers used in 
the network.) 


* Publication of this material with this paper 
authorized by the AIEE committee on protective 
devices at the Niagara Falls meeting, May ie 
1940. 
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€ varying relationship between values of useful and auxiliary 


REGULATION 


The term “regulation” designates the 
change in ratio and phase angle when the 
burden is varied over a specified range (bur- 
den regulation) with constant primary volt- 
age; or when the line-to-ground voltage is 
varied over a specified range (voltage regula- 
tion) with constant burden impedance. 


Standard Ratio 


The standard ratio shall be such as to give 
standard rated secondary voltages at rated 
burden when coupling capacitors are used at 
their rated voltage. 


Classification 


Potential devices are divided into two 
types and three accuracy classifications. 


In-phase type—zero phase-angle adjustment—two 
accuracy classes 


Out-of-phase type—30 to 150 degrees phase-angle 
adjustment—one accuracy class 


TYPES 


In-Phase. The secondary voltage shall 
be adjustable to be closely in phase and have 
correct ratio with respect to the line-to- 
ground voltage of the phase to which the de- 
vice is connected, and to remain so for all 
values of applied primary voltage and 
secondary burden within the rating of the 
device, subject to the allowable deviations 
as herein stated. 

Out-of-Phase. The secondary voltage 
shall be adjustable to the desired phase angle 
and of correct ratio with respect to the line- 
to-ground voltage of the phase to which the 
device is connected, subject to the allowable 
deviation as herein stated. 


CLASSES 
The accuracy classifications are as follows: 


Class A—High accuracy, in-phase type 
Class B—Lower accuracy, in-phase type 


Class C—Out-of-phase type—for use with coupling 
capacitors only 


Rating 


The rating of potential devices shall in- 
clude 


Circuit voltage 
Line-to-neutral voltage 
Maximum watts output 
Secondary volts 
Frequency 


LT dite dial 


Performance Characteristics 


The standard characteristics of potential 
devices shall be based on 


(a). Rated line-to-ground voltage of the circuit 
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(b). A frequency of 60 cycles 
(c). Standard secondary voltages 
(a). Specified burden 


For the in-phase devices the performance 
characteristics shall be based on a unity- 
power-factor burden. 


Rated Watts Output and 
Standard Secondary Voltages 


For coupling-capacitor potential devices 
the rated watts output and standard sec- 
ondary voltages shall be: 


Auxiliary 
Main Winding Winding 
Secondary Secondary 
Class Watts Volts Watts Volts 
Aiea LOU tates U5 / GG a cre nts UE Olavenstetene 115 
DS ivsistane WOO once M/C Gi AL ove erehens HOieee 115 
Caan 4D desea 115 


For bushing potential devices the stand- 
ard secondary voltages shall be as given in the 
following table. The rated watts output is 
dependent upon the standard bushing and is 
being studied further. It is hoped to reach 
a conclusion in time to incorporate the re- 
sults in the adopted standards. 


Rated Circuit Line-to-Neutral Secondary 
Voltage Voltage Voltage 
(Maximum Ky) (Maximum Ky) (Volts) 

aU Sh Sone Re ceriet GG Airekernet 66.4 or 115 

USS ale ae cere ache (ber awa Do 66.4 or 115 

TG LES hmare nets Sm Olena 66.4 or 115 

PEI Oe Act remoraon SD Orrerresce 66.4 or 115 

Q8Ta Sawer i.asioion AGGr Olvenerice 66.4 or 115 


Performance Specifications 


VARIATION IN APPLIED VOLTAGE 


The regulation with constant burden im- 
pedance for variation in applied voltage shall 
not be greater than given in table I. 


VARIATION IN BURDEN 


The regulation with constant primary 
voltage for variation in burden shall not be 
greater than given in table II. 


Output at 50 and 25 Cycles 


The output shall be reduced to 80 per cent 
for use on 50-cycle circuits. For use on 25- 
cycle circuits a special design is required. 


Deviation of Circuit Voltage 


Standard performance characteristics at 
proportionately reduced output ratings shall 
be maintained for a reduction in voltage 
from 5 per cent up to 20 per cent (that is, 
use of coupling capacitor of the next higher 
voltage class, in which case the watts output 
rating shall be reduced 20 per cent and a 
special design is required). 


Power-Factor Correction 


Coupling-capacitor potential devices shall 
be provided with a tapped capacitor in the 
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secondary circuit as follows: class A, 115 
volt-amperes in 3.75-volt-ampere steps; 
class B, 75 volt-amperes in 5-volt-ampere 
steps. 

In class C devices this feature is incorpo- 
rated in the auxiliary burden. 

Bushing potential devices shall be pro- 
vided with tapped capacitor in the second- 
ary circuit to correct the actual burden, 
assumed to be at 0.60 power factor lagging, 
to the rated burden at unity power factor, 
in 5-volt-ampere steps. 


Adjustment Range and Steps 


The maximum range over which adjust- 
ment shall be required and the maximum 
steps of adjustment shall be: 


Maximum Range Maximum 
of Adjustment Tap Steps 
Class Ratio Phase Ratio Phase 
of (Per Angle (Per Angle 
Device Cent) (Deg) Cent) (Deg) 
AA Darien se +5... MED cata oveiens 1 
Beetles ois +65. ale Dinars tee sevtisc eee 2 
Cortrnkek od SOUGOWE was stete niet aes 5 


* Not specified. 


Protective Gap and Grounding Switch 


A protective gap set at not less than twice 
the maximum steady-state operating tap 
voltage shall be provided. A switch shall be 
provided for grounding the device primary. 


Overvoltage Operation 


Devices shall be capable of momentary 
operation with rated burden at circuit over- 
voltages not exceeding two times normal 
line-to-neutral voltage without becoming 
unstable. 


Insulation Level 


The insulation level of potential devices, 
and shunt and/or auxiliary capacitors, etc., 
in the primary circuit, shall be the same as 
used for instrument transformers of corre- 
sponding voltage class. The secondary 
winding, capacitors, etc., in the secondary 
circuit shall receive a test of not less than 
2,500 volts, in accordance with instrument- 
transformer practice, proposed ASA 
Standards for Transformers, C57, page 34 
table 7. 
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Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 SUPPLEMENT to ELECTRICAL ENGI- 
NEERING—TRANSACTIONS SECTION. 
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A Method for Detecting the Ionization 
Point on Electrical Apparatus 


G. E. QUINN 


MEMBER AIEE 


HEN any part of the air path in- 

cluded in the insulating circuit of a 
piece of electrical equipment is over- 
stressed, ionization occurs. The critical 
value of voltage is a function of the na- 
ture of the remainder of the dielectric 
circuit, the manner of use, surface condi- 
tions, the proximity of grounded con- 
ducting bodies, the temperature, and in 
some cases, the relative humidity. Ioni- 
zation in air causes the formation of small 
quantities of ozone and oxides of nitrogen. 
The presence of ozone leads to accelerated 
aging of insulating materials, especially 
organic materials such as varnished cam- 
bric and paper. The oxides of nitrogen 
may combine with water to form nitrous 
and nitric acids which attack cellulose 
materials and metals. While increasing 
temperature tends to decrease the volt- 
age at which ionization occurs or to in- 
crease its severity at a given voltage, this 
effect is somewhat offset by the fact that 
the acids formed are decomposed at tem- 


cables have been known to fail in a few 
years when subjected to apparently mild 
ionization under high-humidity condi- 
tions. Ionization produces radio inter- 
ference either by direct radiation or by 
conduction along the supply circuit or 
some paralleling circuit. 

The minimum voltage at which ioni- 
zation occurs on a piece of electrical 
equipment is of interest to both manu- 
facturer and user. The necessity to arrest 
this condition and not wait until ioniza- 
tion is visible or audible has long been 
obvious with the result that a number 
of methods have been proposed for the 
determination of the voltage at which 
ionization occurs.1~* The method most 
commonly used at present is probably the 
one given in the ‘‘Report of the Joint Co- 
ordination Committee on Radio Inter- 
ference of the EEI, NEMA, and RMA”’. 
Using this method the “radio noise in- 
fluence voltage” of the equipment under 
test is measured and it is therefore essen- 


peratures above 80 degrees centigrade. tially a radio-interference test. It is, 
FIVE-KVA_ INDUCTION 
VOLTAGE REGULATOR ” 
zy 
3 a2 aes 
o EG LOADING 
Zs 
3 $42 CAPACITOR | TEST 
2 oe 0.025 pF 
ost-/ 
FOUR-MILLIHENRY ¢. 
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CHOKE CAPACITOR 
300 put 
FOUR-HENRY © CATHODE- 
‘ HONE YCOMB- RAY 
Figure 1. Circuit WOUND COIL OSCILLO- 


used in making ioni- 
zation tests 


Under certain conditions increased hu- 
midity on the other hand not only causes 
more severe ionization at a given voltage 
but increases the severity of the action 
on the cellulose insulation or metal 
parts which may be present. Nonleaded 


Paper 40-84, recommended by the AIEE committee 
on instruments and measurements, and presented 
at the AIEE summer convention, Swampscott, 
Mass., June 24-28, 1940. Manuscript submitted 
September 30, 1939; made available for preprint- 
ing May 10, 1940. 


G. E. Quinn is a division engineer, Consolidated 
Edison Company of New York, Inc., New York. 


1. For all numbered references, see list at end of 
paper. 
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SCOPE 


however, satisfactory as a means of de- 
tecting the voltage at which ionization 
occurs on apparatus which can be tested 
at locations not subject to stray interfer- 
ence. It is often necessary for this work 
to be conducted under severe stray field 
conditions and it is the purpose of this 
paper to describe a simpler and less ex- 
pensive method which may be used 
under such circumstances. 

In the proposed method a cathode-ray 
oscilloscope is used to detect the pulses, 
surges, or damped oscillations introduced 
into the charging current by ionization 
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A circuit used with considerable success 
is shown in figure 1. A reactor L is in- 
serted in the ground lead of the device 
under test and the voltage drop across 
this reactor is applied to the oscilloscope. 
Some time ago Lloyd and Starr‘ applied 
the drop across a resistor to an oscillo- 
scope in a study of corona loss. While 
this method served its purpose it is not 
adequate for ionization-point determina- 
tion. If this resistor is replaced by a 
suitable reactive shunt the usefulness of 
the method is greatly increased. Refer- 
ring to figure 1 it will be noted that the 
reactive shunt is made up of a four- 
millihenry radio-frequency choke in series 
with a four-henry honeycomb-wound 
coil. This combination of impedance is 
used in order to obtain maximum deflec- 
tion of the ionization components of cur- 
rent on the oscilloscope. The radio- 
frequency choke has a distributed capaci- 
tance of about one micromicrofarad and 
produces maximum drop for the high- 
frequency components of the ionization 
current while the four-henry coil is effec- 
tive on the lower-frequency components. 
A blocking capacitor C is used in series 
with the oscilloscope in order practically 
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Figure 2. Test set- 
up for determining 
ionization point on 
5,000- to 5-ampere 
15,000-volt current 

transformer 


to eliminate the test-frequency current 
appearing on the screen thus making it 
more readily possible to detect the first 
evidences of ionization. In addition, the 
oscilloscope may be operated with con- 
stant amplification as the voltage on the 
apparatus under test is increased. 

A loading capacitor is connected in 
parallel with the device under test to 
provide a low-impedance path for ioni- 
zation currents produced. By discon- 
necting this capacitor a simple means is 
provided for checking whether the oscillo- 
scope is indicating ionization produced 
by the device under test or ionization in- 
herent in the test setup. If the indica- 
tion on the oscilloscope is due to ioni- 
zation currents produced by the device 
under test, the indications will decrease. 
If it is due to a faulty test circuit the 
indications will increase because the short- 
circuiting effect of the capacitors will no 
longer be present. 

The oscilloscope is a standard model 
with self-contained amplifiers and the 
sensitivity is usually set for 0.005 inch 
per millivolt deflection of the beam. It 
has been found that further increase in 
sensitivity increases the magnitude of 
the indication only, without appreciably 
decreasing the voltage at which oscilla- 
tory discharges are first detected. 

In setting up this equipment, care 
should be taken to have all high-voltage 
connections free from sharp corners and 
edges in order to prevent ionization from 
these sources. Ground connections 
should be solidly made and capable of 
carrying the full short-circuit current of 


Figure 3. Oscillo- 
scope traces showing 
the point of incep- 
tion of ionization in 

a lightning arrester 
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the testing set. In addition, a film gap 
of low capacitance should be connected 
as shown in figure 1 for further protec- 
tion of the operator. Figure 2 is a photo- 
graph of a typical test setup, and shows a 
15,000-volt 5,000-ampere current trans- 
former under test. A shielded lead is 
shown connecting the oscilloscope to the 
reactive shunt, The two coils which make 
up the reactive shunt L will be noted on 
the table in front of the current trans- 
former. 

In using this setup the voltage applied 
to the device under test should be in- 
creased in about 200-volt increments 
and the oscilloscope observed at each 
value for indications of ionization. The 
sweep circuit of the oscilloscope should 
be adjusted for the test-circuit frequency 
or some submultiple thereof in order that 
the trace of the screen be stationary. 
The oscillatory discharges which accom- 
pany ionization appear superimposed on 
the charging current. 

The definiteness with which the ioni- 
zation point can be determined using this 
circuit can be seen in figure 3. The de- 
vice under test in this case was a 3,000- 
volt lightning arrester. The marked 
difference between the oscilloscope traces 
obtained at 200-volt increments leaves no 
doubt as to the point of inception of ioni- 
zation. These traces were obtained using 
a sensitivity of 0.005 inch per millivolt. 
Though the ionization point is not always 
as sharply defined in all pieces of equip- 
ment, it has been found that if the sen- 
sitivity is increased sufficiently oscillo- 
scope traces similar to those shown on 
this figure may be obtained on any piece 
of equipment. The voltage at which ioni- 
zation is detected at greatly increased 
sensitivity has been found to be not more 
than 200 volts below the value noted by a 
trained observer when the oscilloscope is 
set for normal sensitivity. 

Figure 4 is an oscilloscope trace of ioni- 
zation encountered at 6,000 volts on a 
5,000-to-5-ampere 15,000-volt current 
transformer. The test circuit and sensi- 
tivity were the same as those used in ob- 
taining the traces shown in figure 3. 


Figure 4. Oscilloscope trace showing ioniza- 

tion at 6,000 volts in a new 5,000- to 5- 

ampere 15,000-volt station-type current trans- 
former 
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Table I. Results of lonization Tests Using “Radio Noise Influence Voltage’ Circuit and 
Cathode-Ray-Oscilloscope Method 


2 nn 
Minimum Voltage at Which Disturbance Was Noted 
apenas Re 2 SG LAS ARREST TUE Eo 


Device 


Number Type of Equipment 


1....Lightning arrester (repaired).... 


iL Avg.. 


2....Lightning arrester (repaired).... 


Avg.. 


Avg.. 


4....Current transformer (repaired).. 


Avg.. 


5....Current transformer (new)...... 


6....Current transformer (new)...... 


3....Lightning arrester (repaired).... | 


Avg.. 


Visual corona on this transformer was 
not detected until the voltage had been 
increased to 16,500 volts. Although this 
transformer is of recent manufacture, it 
can be seen from the figure that there is 
unmistakable evidence of ionization at a 
voltage considerably below the intended 
operating voltage to ground. This may 
be taken as evidence of a defect in this 
transformer since transformers of iden- 
tical design and similar manufacturing 
processes, which were tested at the same 
time, showed no evidence of ionization 
below operating voltage to ground. 

A series of tests comparing the oscillo- 
scope method and the “radio noise in- 
fluence voltage” method were made re- 
cently under normal laboratory condi- 
tions. Throughout these tests, inter- 
mittent stray disturbances were picked 
up by the radio-noise meter. At times 
these became so severe that it was found 
necessary to delay the tests until the 
stray interference decreased sufficiently 
to permit a satisfactory determination of 
the amount of interference generated by 
the device under test. In the case of the 
cathode-ray oscilloscope the external dis- 
turbances were identified by the nature 
of their appearance on the screen and 
therefore did not materially interfere with 
the progress of the test. External dis- 
turbances appeared on the oscilloscope 
as random oscillations at no definite 
point, whereas the high-frequency dis- 
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Increasing Voltage 
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charges from the device under test were 
always repeated at definite points on the 
screen since the frequency of the sweep 
circuit was set at a submultiple of the 
test frequency. 

The results of the tests given in table I 
are reported as the minimum voltage at 
which the frequency discharges and radio 
interference were detected for both as- 
cending and descending voltage on each 
device tested. The results of the test 
show that with the exception of one meas- 
urement obtained on current transformer 
designated device number 5 the oscillo- 
scope indicated high-frequency discharges 
at or below the minimum voltage at which 
interference was noted on the radio- 
noise meter. 

It will be noted that on the lightning 
arrester designated device number 3 
high-frequency discharges were observed 
on the cathode-ray oscilloscope at volt- 
ages considerably below those at which 
interference was noted by the radio-noise 
meter. In order to study this fur- 
ther arbitrary values of the amplitude 
of the discharges were obtained. These 
extended from 0.05 inch at 200 volts to 
3.70 inches at 4,250 volts. The radio- 
noise meter first detected interference 
at approximately 3,000 volts. The in- 
sensitivity of the radio-noise meter at 
the low voltages may have been due to a 
lack of interference at the frequency to 
which it was tuned. 


Quinn—Detecting Ionization 


In all of these tests the radio set was 
tuned to a frequency of approximately 


1,000 kilocycles. It was found on an ad- — 


ditional test that the noise measured by 
the radio-noise meter increased appre- 
ciably as the tuning frequency of the re- 
ceiver was increased from 1,000 to 1,400 
kilocycles with constant voltage applied 
to the device under test. This is contra- 
dictory to claims made for this method 
and indicates that further work should be 
done along this line. 

The cathode-ray-oscilloscope method 
of detecting the ionization point of equip- 
ment has been used on many other types 
of electrical equipment including sections 
of bus, ground and test switches, dis- 
connect switches, cables, porcelain pin- 
type insulators, and distribution trans- 
formers. All this work has served to illus- 
trate the importance of a standard 
method for determining the ionization 
point of equipment and the desirability of 
treating this as the basic problem rather 
than using the secondary approach of 
radio noise. 

While it is admitted that further work 
needs to be done in connection with the 
determination of ionization voltages, it 
would appear that the following con- 
clusions may be drawn: 


1. A cathode-ray oscilloscope used in con- 
nection with an appropriate air-core reactor 
will detect high-frequency discharges at or 
below the minimum voltage at which radio 
interference may be noted by the “radio 
noise influence voltage’? method. 


2. Since ionization when continued over a 
long period of time might have a deteriorat- 
ing effect on the apparatus under test, it is 
important to know the minimum voltage 
at which it occurs. 


3. The oscilloscope method is simple and 
satisfactory and is not affected by stray 
fields. 


4. The oscilloscope method is dependable 
as a means of detecting disturbances over a 
very wide band of frequencies. 
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Discussion 


Discussion will be found in the 1940 
annual TRANSACTIONS volume and in the 
1940 SuprpLEMENT to ELECTRICAL ENGI- 
NEERING—TRANSACTIONS SECTION. 
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Sales Appointments.—Harry L. Williamson, 
formerly assistant manager of cable sales for 
the General Electric Co., has been appointed 
manager of sales promotion for the Locke 
Insulator Corp., Baltimore, Md., a G-E af- 
filiate. Mr. Williamson had been associated 
directly with General Electric since 1928. 
His affiliation with the cable section began 
in 1930 and he was made assistant manager 
of cable sales in 19386......... The John A. 
Roebling’s Sons Co., Trenton, N. J., has 
appointed Roger H. Clapp, forniterly Phila- 
delphia branch manager, as assistant gen- 
eral manager of sales. Mr. Clapp came to 
the Roebling company in 1936 and was 
manager of the Philadelphia branch until 
his present appointment. 


Increased Westinghouse Production.—To 
meet transformer requirements under the 
Government’s national defense program, 
production has been increased at the West- 
inghouse works, Sharon, Pa., world’s largest 
plant devoted exclusively to transformer 
manufacture. Being built in the plant at 
present are 500 distribution and instrument 
transformers for Navy shipbuilding, also, 
three electric furnace transformers, among 
the largest ever built. One, rated at 12,000 
kva, will supply current to an electric fur- 
nace in a steel mill which is turning out al- 
loys for airplane parts. The last of seven 
50-ton transformers for Bonneville Dam in 
Washington is nearing completion. These 
transformers are at 25,000 kva each. 


Recent G-E Sales.—Included among re- 
cent General Electric orders is an 80,000- 
kw turbine-generator for the 465,000-kw 
Charles R. Huntley steam station of Buf- 
falo Niagara Electric Corp., near Tona- 
wanda, N. Y., as part of an expansion for 
this station which will involve a total ex- 
penditure of $6,000,000, Electric equip- 
ment for new hydroelectric power stations 
to be located at Nantahala and Glenville, N. 
C., consists of two G-E 27,000-kva, 150,000- 
volt, 3-phase transformers, and a 54,000-kva 
vertical waterwheel driven generator, to- 
gether with a motor-generator exciter set for 
the Nantahala Power & Light Co. Four 
9,000-kva, 150,000-volt, single-phase trans- 
formers are to be installed at the Glenville 
station. 
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Recording Demand Meters.—Bulletin B- 
2234, 16 pp. Describes a complete line of 
recording kw-demand meters for all classes 
of services in common use. Westinghouse 
Electric & Mfg. Co., E. Pittsburgh, Pa. 


Distribution Systems.—Bulletin 61, 16 pp. 
Describes feeder ‘“‘busduct,” “plugin bus- 
duct,” and “‘plugin’”’ devices and accessories 
used in industrial distribution systems. 
Prices are included. Frank Adam Electric 
Co., 3650 Windsor Place, St. Louis, Mo. 


Oil Circuit Breakers.—Bulletin B-6003, 4 
pp. Describes very large units available in 
standard ampere and interrupting capacity 


ratings from 15 kv to 69 kv. Bulletin B- 
6093, 4 pp., covers small units in standard 
ratings from 15 kv to 23 ky. Distinctive 
features include quick quench ruptors, high 
speed solenoid operator and accessible con- 
trol cabinet. Allis-Chalmers Mfg. Co., 
Milwaukee, Wis. 


Portable Substations.—Bulletin GEA-3413, 
4 pp. Describes fully equipped, trailer 
mounted portable substations. They are 
applicable for emergency use, standby serv- 
ice for handling seasonal and other types 
of temporary overloads, to continue service 
during inspection or repair work, or to sup- 
ply power for construction jobs and numer- 
ous other temporary power needs. General 
Electric Co., Schenectady, N. Y. 


Wires and Cables.—Catalog 102, 36 pp. 
“Rubber Covered Wires and Cables— 
Service Entrance Cables’. Describes and 
illustrates process of manufacture; covers 
standard rubber insulated building wires, 
service entrance cables; contains complete 
data with tables, etc., on small diameter 
(thin-wall) building wire, including meth- 
ods of selecting wire sizes for new or re- 
wiring installations. Examples of the man- 
ner of using these tables to determine proper 
conductor selection for various require- 
ments are included. John A. Roebling’s 
Sons Co., Trenton, N. J. 


Power Plugs and Sockets.—Bulletin 500, 8 
pp. Describes and illustrates a new series 
of power plugs and sockets designed for 
5,000 volts and 25 amperes, and made in 
2, 4, 6, 8, 10 and 12 contacts. All sizes are 
polarized so that it is impossible to make in- 
correct connectioris, even when using several 
sizes on a single installation. The cap is 
arranged so that a standard cable clamp 
can be used; connections are easily and 
quickly made, and cap body can be re- 
moved for inspection without disturbing 
wiring. Howard B. Jones, 2300 Wabansia 
Ave., Chicago, Ill. 


Voltage Regulators.—Bulletin 51-2, 20 pp. 
Includes a comprehensive technical discus- 
sion, illustrated with 26 wiring diagrams 
showing how small, type TH Transtat 
voltage regulators may be used in multi- 
unit gangs and with auxiliary transformer 
equipment for controlling input voltage to 
loads which are outside the usual limits of 
kva, voltage, current or phase of the regula- 
tor element; also, complete descriptive 
data on type TH Transtat voltage regula- 
tors and type LC Transtat line voltage 
compensators. The text is accompanied 
by illustrations, outline drawings and a 
tabulation of standard ratings, with prices, 
weights and dimensions. Type TH Tran- 
stats are offered in larger sizes than were 
previously manufactured. These units are 
designed to provide an adjustable output 
voltage with regulation over a range of 0 to 
113 per cent of input in small increments and 
without circuit interruption. Type LC 
Transtats are designed to permit manual 
correction of variations in line voltage, being 
a new design of regulator announced for the 
first time in this bulletin. American Trans- 
former Co., 176 Emmet St., Newark, N. J. 
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“TRVINGTON’’ BLACK 
STRAIGHT CUT VAR- 
NISHED CAMBRIC AND 
TAPE have outstanding aging 
and insulating properties, 
high resistance to moisture 
and lubricating oil. 


‘*IRVINGTON’’ YELLOW 
STRAIGHT CUT VAR- 
NISHED CAMBRIC AND 
TAPE have superior resist- 
ance to transformer and 
lubricating oil, good aging 
and insulating qualities, and 
resistance to moisture. 


“IRVINGTON’’ BLACK 
SEAMLESS BIAS VAR- 
NISHED CAMBRIC AND 
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characteristics to Black 
Straight Cut Cambric but 
are ideal for covering curved 
and irregular surfaces, main- 
taining good dielectric 
strength after stretching. 


‘IRVINGTON’? YELLOW 
SEAMLESS BIAS CAMBRIC 
AND TAPE have properties 
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Cut Cambric and are recom- 
mended for use on curved 
and irregular surfaces, main- 
taining good dielectric 
strength after stretching. 
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tions. 
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“IRVINGTON” VARNISHED 
CAMBRIC and TAPE 


“IRVINGTON,” pioneer in the commercial development 
of varnished insulations, was the first to produce seamless bias 
varnished cambric and tape, the first to perfect the manufac- 


ture of black varnished cambric. 
Constant research and development have produced in 


“TRVINGTON” Varnished Cambric and Tape a balance of me- 
chanical and electrical properties that is unsurpassed for com- 
mercial insulation applications. These insulations generously 
comply with appropriate N.E.M.A. and A.S.T.M. specifications. 


Samples for your own test will be forwarded upon request. 
“TRVINGTON” varnished insulations due to their plia- 


bility and smoothness of finish are adapted to every requirement 
of hand or machine application and ‘‘IRVINGTON”’ production 
facilities have been expanded to a point that insures continuity 


of supply. 
Write for full technical data now. 
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Drafting Tables.—Two new drafting tables 
developed by The Frederick Post Co., P. O. 
Box!!803, Chicago, Ill., feature appearance 
as well as utility. They are constructed of 
satin chrome tubular steel, with table tops 


of selected pine 11/s inches thick. The 
type illustrated, “Primo Metapost”’, is 
quickly adjusted by turning a handwheel 
which will raise the working surface from 
35 to 48 inches. The top of the table may 
be tilted from front to back at an angle 
of 60° by a manual adjustment of two hand 
clamps. Another model, the ‘‘Metapost’’ 
has the same adjustment features as the 
“Primo Metapost,”’ except that instead of 
wheel control, two easily reached thumb 
screws permit the table top to be manually 
raised or lowered. These tables are avail- 
able in 11 table top sizes ranging from 31 by 
42 inches to 48 by 96 inches. Reference 
shelves, which can be furnished, and pro- 
vide ample space for tracings, materials, 
etc., may be easily attached to either model. 


Generator Fire Protection—A new de- 
velopment in the protection of rotating elec- 
trical machines from fire, introduced by 
Walter Kidde & Co., 140 Cedar St., New 
York City, manufacturers of carbon dioxide 
extinguishing equipment, consists of the 
use of special shielded nozzles for the dis- 
charge of carbon dioxide into the ventilating 


MANUAL CONTROL STATION 
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ducts of generators in event of fire. As 
shown in the illustration, the shielded 
nozzles are affixed to both the initial dis- 
charge and the delayed discharge pipes 
which carry the carbon dioxide from the 
storage cylinders to the ducts, and the re- 
finement is said to eliminate objectionable 
high jet velocity and turbulence. Also, 
the new nozzles aid in achieving a more rapid 
and uniform distribution of the fire-killing 
gas throughout the machine. 
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Cable Terminal.—The ‘‘streamlined”’ cable 
terminal, type SNA-H, developed by the 
Burndy Engineering Co., Inc., 459 E. 133rd 
St., New York City, is especially designed 
to facilitate easy taping of the connector 
and helps insure a moisture-proof seal to the 
insulation. A recess at the cable entrance 


permits the end of the cable insulation to be 
inserted into the connector and thereby 
shrouds and protects the cut end of the 
insulation. The illustration shows the 
terminal with the cap clamped on the con- 
ductor by means of hollow head cap screws. 
This type of connector, available in all 
cable sizes up to 3000 mem, is also made with 
hexagon head cap screws set in recesses in 
the cap in such a manner that they can be 
tightened with an ordinary socket wrench. 


Whiteprint Machine-—A new, medium- 
priced, model F whiteprint machine, intro- 
duced by the Ozalid Products Div., General 
Aniline & Film Corp., Johnson City, N. Y., 
consists of a printer and dry-developing unit 
built into a single, compact machine, com- 
bining all the facilities necessary to turn out 


finished dry-developed Ozalid whiteprints. 
Equipped with a new type high pressure 
mercury vapor lamp, which uses 40 watts 
per inch and has an active length of 46 
inches, the model F will print Ozalid sensi- 
tized materials at speeds up to 56 inches per 
minute, The lamp is guaranteed for 1,000 
hours, but tests indicate a life of from 1,500 
to 2,500 hours. Lamps which burn out 
can be reworked for considerably less than 
the purchase price of anew lamp. The ef- 
ficiency of the new model F light source cuts 
current consumption more than 50 per cent 
of that required by other machines of similar 
capacity. Even cooling of the lamp, so 
necessary for uniform light distribution, is 
provided by a two-stage blower and a 
specially designed air duct. Maximum lamp 
efficiency is assured by a reactive type 
transformer equipped with condensers pro- 
viding power factor correction to 87.5 per 
cent. A counter automatically registers the 
number of hours the machine operates, 
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lines. Copy is due the 15th of the 
month preceding publication date. 


TRANSFORMER DESIGNER 
WANTED: Electrical engineer, experi- 
enced in the design of distribution and 

wer transformers, particularly the 
atter. Give qualifications in full. Ad- 
dress Box 201, ELECTRICAL ENGI- 
NEERING, 33 West 39th St., New York 
City. 


ELECTRICAL ENGINEERS 


For transmitter or receiver designing on 
radio or special apparatus. nings for 
USS. citizens. ering excellent oppor- 
tunities to men with experience in the 
design of radio or special electrical appa- 
ratus. Inreply state experiences that will 
qualify, age, present salary, etc. Address 
Q-53, P.O. Box 3443, Philadelphia, 


Penna. 


ENGINEERS 
MECHANICAL DESIGNERS 


Needed by radio manufacturer. Splendid 
opportunities for men with radio or 
equivalent, experience such as required for 
designing the mechanical features of 
speakers, receivers, transmitters or spe- 
cial apparatus. Steady work, large 
manufacturer located in eastern part of 
United States. Write for interview giv- 
ing full qualifications. Address P-52, 
P.O. Box 3571, Philadelphia, Penna. 


WANTED: Radio engineer, experienced 
in circuits and equipment for radio and 
power frequencies, also radio receiving 
and transmitting design, knowledge of 
radio circuit theory; familiar with labo- 
ratory and test equipment. Capacitor 
experience desirable. Address Box 202, 
ELECTRICAL ENGINEERING, 33 West 
39th St., New York City. 


ELECTRICAL ENGINEER 


Design division of large industrial com- 
pany desires graduate electrical engineer, 
preferably one who has completed ad- 
vanced studies in physics, mathematics, 
and advanced electrical theory. Should 
be 35 to 40 years of age, have 5 to 10 
years experience in ee plant, trans- 
mission or advanced development and 
application work. Particular type of 
experience is not considered so important 
as thorough grounding in fundamentals 
and ability to grasp both the theoretical 
and practical problems involved in the 
design, construction and operation of 
large industrial plants producing and 
using electric power on a large scale. 
Give full experience, college education, 
present salary, salary desired, age, and 
enclose recent snapshot of yourself. 
Will keep confidential. Address Box 203, 
ELECTRICAL ENGINEERING, 33 West 
39th St., New York City. 
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With this Accurate, Highly Stable Meter 
ITH THE IMPROVED General Radio Sound-Level Meter the in- 


tensity of sound can now be measured conveniently, quickly and 
accurately by anyone. This instrument is widely used throughout 
industry for all types of noise measurements and studies. It is completely 
self-contained and portable and will measure the intensity of sound from 


a whisper to a steam whistle. 
FEATURES: 
EXCEPTIONALLY WIDE RANGE—24 to meter movement 


140 db standards; ‘‘slow’ 


SIMPLIFIED CONTROLS—complete db 
range covered by a single control knob 
IMPROVED MICROPHONE=—special type 
of great sensitivity, highly rugged, un- 
affected by ordinary changes in tempera- 
ture and humidity 

PLUG-IN MICROPHONE—normally used 


directly on folding socket on instrument 


tions. 


bration can be 


all response 


built-in calibrator 


7 THREE WEIGHTING NETWORKS—low 


level, high level and substantially flat over- 


corresponds to A. S. A. 


> position, meter heavily 
damped to measure average level fluctua- 


6 INTERNAL CALIBRATION SYSTEM—cali- 


checked quickly from 


but can be detached and used with cable 8 NO COILS—instrument contains no coils 
and tripod if desired or inductances and accordingly reads 
accurately in the presence of any ordinary 


SLOW-FAST METER—two speeds—control 
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THE Standards of the American Institute of 
Electrical Engineers now comprise forty - eight 
sections on electrical machinery and apparatus. 
They are chiefly devoted to defining terms, con- 
ditions, and limits which characterize behavior, 
with special reference to acceptance tests, 
and many of them are recognized officially as 
American Standards. 


The Standards available are listed below, together with prices. A discount of 50% Is allowed to Institute members (except on Nos. 
C57.1, 2and3). Such discount is not applicable on extra copies unless ordered for other members. Numbers of the Standards Sections 
should be given when ordering. A binder (illustrated above) for standards is available, with durable, stiff covers, resembling leather, 


lettered in gold. Price, $1.75 net. 


AIEE STANDARDS 


(Figures in Parentheses Give Dates of Latest Editions) 


No. 1 General Principles Upon Which Temperature 
Limits Are Based in the Rating of Electrical 


Machinery’ (6-40) fines oiccleicie s coleiere ss $0.40 

4 Measurement of Test Voltage in Dielectric 
Testsi(6-40) acre cctexerers-o etetstarslote tenetoierens 40 

*C50 Rotating Electrical Machinery, (Supersedes 
INost57a7/-.G nn SrandilO))4=36) eerie 1.30 
SS Railway /Viotors| (07) eee eine ere 50 


C57.1 Transformers, Regulators and Reactors (1940) 

C57.2 Test Code for Transformers, Regulators and 
Reactors\(1940))s.0.< 0.0 01 stewteverciveieietere setae. 

C57.3 Guides for Operation of Transformers (1940) 75 


(C57.1, C57.2, €57.3, published as one booklet super- 
sede A.I.E.E. Nos. 12, 13, 14, 100 and Test code for 
Transformers. The member discount does not apply on 
price of this publication which is 75 cents net). 


*15 Industrial Control Apparatus (5-28)....... 40 
*16 Railway Control Apparatus (1-33)........ .40 
*17— Mathematical Symbols (2-98)............. 30 
*1731 Letter Symbols for Electrical Quantities (11- 
98) Fe ee ee, ced Bass Sk 520 
**1739 Graphical Symbols for Electric Power and 
Wiring (G=34) Sacer esac eee .20 
**17g3 Graphical Symbols for Radio (1-34)....... .20 
**1795 Graphical Symbols for Electric Traction In- 
cluding Railway Signaling (1-34)........ .40 
**1736 Graphical Symbols for Telephone and Tele- 
grapni Use'(3-29) 5... one ce cee ere .20 
AN) (CTC nn 6 5 So beonoonseoceéber .20 
Ome @iliGircuitabreakersi4-39) serene eee 40 
SOMA mGincui tbrcakers| (5-50): einen 30 
22 Air Switches and Bus Supports (6-40). .... .40 
*C37.1(23) Relays Associated with Power Switchgear 
[SS 7) Serre coe eee. .40 
*@37-2(26)) Automatic Stations (1937). 500 reee .40 
27 Switchboards and Switching Equipment for 
Power and Light (10-30).............. 30 
SoS melrshtninge/Anrestens|(S-SO) seine enter 30 
BQ) Was eine! (Callas CSV, 540 cesnnde oases .40 
*C39.1(33) Electrical Indicating Instruments (7-38)... .40 
eSomestonage batteries (2-26) ne ener eee .20 
*38 Electric Arc Welding Apparatus (1-34)... 40 


*39 Electric Resistance Welding Apparatus (1-34) 30 


Aig) nel eeeyP IGSI(ERSIO) sc obnccagddumacsbar .30 
**49 Symbols for Electrical Equipment of Build- 
ings CLO-O3) ee eae ten eee ener .20 
45 Recommended Practice for Electrical Installa- 
tions on Shipboard (7-40)............. 1.50 
*46 Hard Drawn Aluminum Conductors (6-27). . .20 


American Institute of Electrical Engineers 


*C8.5 Specifications for Cotton Covered Round 
Copper Magnet Wire. (See C8.7 for 


fot gf fo ath he i Oe iy 25) A eck OPER Re 
*C8.6 Specifications for Silk Covered Round Copper 
Magnet Wire. (See C8.7 for price.).... 


*C8.7 Specifications for Enameled Round Copper 
Magnet Wire. (C8.5, 8.6 and 8.7 pub- 


* Approved as American Standard 


** Approved as American Tentative Standard 


SECTIONS IN PREPARATION 


Seven such sections are now available in report form for purpose of eriti- 
cism, and copies will be sent without charge upon request. These 
sections are as follows: 


No. 6 Mercury Arc Rectifiers. 501 Test Code fer D-C 


achines. 


24 Protector Tubes 40 Electrical Reeording Instru- 
25 Fuses Above 600 Volts. ments. 


1731A Letter Symbols for Elece — Test Code for Synch 
tric and Magnetic Quantities. Machines. bit i 


New York 
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lished as one pamphlet) (1936)......... .30 
**C8.11 Code Rubber Insulation for Wire and Cable 
for General Purposes (1936). ........-- .20 
*C8.12 Cotton Braid for Insulated Wire and Cable 
for General Purposes (1935).........-. .20 
**C8.16 Tree Wire Coverings (1936)....:......-- .20 
**C8.17 Class AO 30 Per Cent Rubber Insulation for 
Wire and Cable for General Purposes 
CIOS 6) SRR te. ae ene eee .20 
**C8.18 Weather Resistant Wire and Cable URC Type 
(1936) PRR cn os re eee .20 
*C8.19 Weather Resistant Saturants and Finishes 
for Aerial Rubber Insulated Wire and 
Cable(1939) ee eee .20 
*C8.20 Heavy Wall Enameled RoundCopper Magnet 
Wire (1939) 2 eee eee .20 
**72 Specifications for Weatherproof Wires and 
Cables. (See No. 73 for price.)....... 
**73 Specifications for Heat-Resisting Wires and 
Cables. (Nos. 72 and 73 published as 
One pampnlct)i(G=32) see ee .20 
500 Test Code for Polyphase Induction Machines 
(823'7) ete Sc ee 50 
520 Test Code for Apparatus Noise Measure- 
ment.(6-39)). See een .30 
Total Cost of Complete Set.............. $14.95 


33 West 39th Street 
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Made to Standard Double-Row Widths 
WITH 100% GREATER GREASE CAPACITY 


EXTRA SMALL 
CLEARANCE 


LONG SEAL > | 


FLANGE 


GREASE- 
f FILLED 
GROOVES 


A clean, well-lubricated bearing is practically 
wearless. Dirt, however, will relentlessly destroy 
it. KEEP DIRT OUT AND KEEP THE GREASE IN, 
and you are protected against noise, rejections, 
and premature wear. 

In the illustration herewith, note the five dis- 
tinctive features that exclude dirt from the ““CART- 
RIDGE’’ BALL BEARING. That minute clearance 
between the long seal flange and recessed inner 
ying is ALWAYS filled with grease. The grease 
grooves in the inner ring are so many added 
‘‘dams”’ against the entrance of dirt. 


Thus, without any additional closures, the in- 


TIGHT DIRT- 
AND LEAK- 
PROOF JOINT | 


RECESSED 
INNER RING 
LABYRINTH 


tegral ‘‘CARTRIDGE”’ seals KEEP THE DIRT OUT 
AND THE GREASE IN—regardless of the position 
of motor or unit. In assembling or disassembling 
in the shop, the ‘‘CARTRIDGE’”’ BALL BEARING 
STAYS CLEAN because its internal parts are 
never exposed. 


Adopt the “CARTRIDGE” BALL BEARING as 
insurance against dirt and grease contamination, 
and against neglected lubrication. It eliminates 
numerous supplementary closure parts and ma- 
chining operations and variables, and speeds up 
production; and it has convenient regreasing and 
inspection features. 


Write for the Catalog. Let our engineers work with yours, 


NORMA-HOFFMANN BEARINGS CORPORATION, STAMFORD, CONN., U. S. A. 
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D Pk INSULATION 


phe sro ord! 


AND PAPER 


i ig qf, EVELOPED 


EXTREME TESTS PROVE STRENGTH 
OF MODERN WESTINGHOUSE 
CONDENSER BUSHINGS 


DROPPED! Unharmed after 
crashing on end to the floor six 
times from heights of 1O to 25 feet, 
this Westinghouse Condenser 
Bushing gives dramatic proof of 
rugged mechanical construction 


The most compact in size, paper-wound condenser 
and lasting insulation qualities. 


type bushings are the strongest as well. Constant 
improvement in materials and processes, together 
with drastic tests have produced in today’s Westing- 
house Condenser Bushing a unit which defies 
moisture, extremes of temperature, and mechanical 
and electrical stresses. 

Use of electrolytic copper foil now gives even 
greater adhesion between layers composing the 
condenser unit. The improved insulating compound 
between condenser and porcelain is non-harden- 
ing and is heavier than water. At lowest operating 
temperatures, perfect cohesion prevents voids, and 
adhesion to condenser and porcelain prevents 
moisture from reaching the condenser. New stand- 
ardized cap for all bushings improves top seal, 
makes testing easier. 

Investigate what these improvements mean in 
new low costs for bushing maintenance and replace- 
ment. See your Westinghouse representative or 
write Westinghouse Electric & Mfg. Co., East 
Pittsburgh, Pa., Dept. 7-N. 


OVERVOLTAGE ...UNDER WATER ... 214 YEARS! 


One of several Westinghouse Condenser Bushings tested con- 
tinuously for more than 21 years 


at 50% overvoltage with wat 
INTACT ! Examination after six succeeding drops of 10 on foo. af ike laste filler = y 


to 25 feet disclosed no damage. Standard commercial throughout the entire period. 
high potential and power factor insulation tests showed Absolutely no emulsifica- 
bushing electrically unaffected—air pressure test proved tion or moisture absorption 


condenser intact and free from leakage. has occurred. Power fac- 
tor tests show no effect on 


electrical characteristics 
of the condenser insulation. 


Westinghouse 
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ESTINGHOUSE 
ELECTRIC 
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“If a line’s worth 
it’s worth buildin 


ACcoa) 

3 The armor rods being installed here, for example, 
Ware classed as “right”’ by the men who know. Power 
line conductors, no matter what they’re made of, have a 
tendency to vibrate under certain conditions. Armor rods 
offer protection against fatigue, flash-overs, and wear at 
points of support. 

Armor rods are but one of the devices recommended 
by Alcoa engineers for increasing a line’s dependability. 
A.C.S.R. engineering standards include complete wire 
stringing data and a perfected system of vibration control. 
ALUMINUM COMPANY OF AMERICA, 2149 Gulf Building, 


Pirate ie atsytvenia, 
BNO Geol 
Mumunum Cable Steel Remjporced 


"RURAL LINES AND POWER TRANSMISSION 
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1500 KW, 250 VOLT 

SYNCHRONOUS 

MOTOR GENERATOR SETS 
These are Westinghouse units— 


Rey AE the! 
r.p.m., 3 phase, 60 cycle. 


compound wound, 


Unlike ordinary used equipment, 


these motor-generator sets are in 


first class electrical and mechanical 


condition. 


The cost of each is 


only a fraction of similar new 


equipment. 


For complete details, write or wire to: 


ELECTRIC GENERATOR & MOTOR CO. 
4519 Hamilton Ave. Cleveland, Ohio 


In the Northern 
— me States, on the Gulf 
i lf Coast, and both east 
= and west—Minerallac 
ERALIA( Insulating Com- 
pounds are specified 
... proving that these 
materials do ‘‘stand 
up’’ no matter what 
change in tempera- 
ture may arise. 


= 


Mire eee y 
WERALLAC ELecTeic COMPANY 


CHICAGO. ILL 


@ WRITE FOR BULLETIN 186 e 


MINERALLAC ELECTRIC Co. 


25 NORTH PEORIA ST. CHICAGO 
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CONSTANT 
VOLTAGE 


FOR YOUR LABORATORY... FOR 34 
YOUR PRODUCTION LINE... OR IN-  p 
CORPORATED IN YOUR PRODUCTS 


Whether it’s 1 VA for an instrument or 10 
KVA for a production line—if your needs call for 
stable voltage at all times, SOLA CONSTANT 
VOLTAGE TRANSFORMERS will deliver for you. 


Fully automatic, instantaneous in operation. SOLA 
CONSTANT VOLTAGE TRANSFORMERS have 
no moving parts and require no maintenance. They 
are self-protecting and cannot be damaged by short 
circuit. AND—they will maintain their output 
voltage to within a fraction of a percent of the speci- 
fied value, even though the line voltage varies 
as much as thirty percent. 


You can build a SOLA CONSTANT VOLTAGE 
TRANSFORMER into your product and stop wor- 
rying about your customer’s line voltage. 


You can build a SOLA CONSTANT VOLTAGE 
TRANSFORMER into your production line or your 
laboratory and know that every test will be made 
under the same line conditions. 


You'll find these SOLA CONSTANT VOLTAGE 
TRANSFORMERS surprisingly compact—and eco- 
nomical, too. To augment or replace non-regulating 
types, standard designs are available, or units can 
be built to your special specification. 


Write for catalog ACV-22 


S LA 
SOLA ELECTRIC CO. 2623 Clybourn 


For capacities above 200 
VA. Housing type. 


From 20-200 VA. 
Primary cord set, and 
output receptacle. 


Anew unit for applica- 
tions up to 15 VA. 
Equipped with leads or 
terminals. 


Chicago, Illinois 


OIL-IMMERSED FLOAT SWITCH 
for 
maintaining 
a high or low 

liquid 
level 


The Rowan Type 
600-1 rod oper- 
ated FloatSwitch 
is designed for 
either tank or 
sump operation. 
The entire oper- 
ating mechan- 
ismis oil immersed, making it particularly suited for 
use in corrosive atmospheres. It is of the quick acting 
make and break type and is not affected by oscillating 
liquids. 

The Type 600-1 switch has a liberal rating and can 
be used either as a pilot switch or for direct operation 
of fractional horsepower motors. 


Bulletin 3911 on request. 


Type 600-1 switch designed to conform with the manufac- 
turer's interpretation of the Underwriters‘ Laboratories, 
Inc. standards but not listed or tested by Underwriters‘ 
Laboratories, Inc. 


THE ROWAN CONTROLLER CO 
BALTIMORE MARYLANL 
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Let’s make sure we are using the 


Right Steel!’ 


“We can’t afford to take any chances on this job. 
Any production grief is going to eat up the profits. 
The design looks OK, but we ought to be sure 
about the laminations before we start. Let’s talk 
it over with a Carnegie-IIlinois sheet specialist. 
Remember the help he gave us last time.” 


HAT’S typical of plant mana- 

gers who have learned to take 
advantage of the services of the Car- 
negie-I|linois electrical sheet special- 
ists. These men are trained to know 
which sheet will give the best per- 
formance, the right electrical proper- 
ties—to specify the proper grade and 
most economical sheet size to use. 


They are familiar with such prob- 
lems as annealing and core plating. 
On the job day and night, they will 
stay with you until your trouble is 
licked. And because of their broad 
experience with the production of 
electrical equipment they are often 
able to help you in other ways. 

Why not call in the man from Car- 


negie-Illinois? Problems arising from 
the use of electrical sheets should be 
his worry, not yours. Let him work 
your problem out right in your own 
plant. It won’t cost a cent, and may 
save you a lot of money and produc- 


tion grief. 
Make sure you have specified the 
right steel for your latest design. 


US'S ELECTRICAL STEEL SHEETS 


Pittsburgh and Chicago 


United States Steel Export Company, New York 


For Motors, Generators and Transformers 


GCARNEGIE-ILLINOIS STEEL CORPORATION 


Columbia Steel Company, San Francisco, Pacific Coast Distributors 
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Professional Engineering 
Directory 


BLACK & VEATCH 
Consulting Engineers 


Water, Steam and Electric Power Investi- 


gations, res He Supervision of Construc- 
tion, Valuation and Tests 


4706 Broadway KANSAS CITY, MO, 


E. T. L. 
TESTS 


Electrical, Chemical, Mechanical, Photometric 


INSPECTIONS RESEARCH 
Materials and Supplies Private Labs. for Clients 


Electrical Testing Laboratories 
New York, N. Y. 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 
Engineers 


35 East Wacker Drive CHICAGO 


JACKSON & MORELAND 
ENGINEERS 


Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORE 


HAROLD J. McCREARY 
Mem. A.I.E.E. & W.S.E. 
Consulting Engineer 

Laboratory Facilities 
Research Electronics 
Development Television 
Design Radio 
Factory Practise Railroad Signaling 
Patent Studies Telephony 


105 W. AdamsSt. PhoneSTAte 4003 Chicago | 


Professional services over a 
wide range are offered by 
these cardholders. 


Consult the directory when in 
need of specialized engineer- 
ing advice. 


Z. H. POLACHEK 


Reg. Patent Attorney 
Professional Engineer 


PATENT—TRADE MARK SPECIALIST 
Individual or Yearly Basis 


1234 Broadway Phone 
(At 31 St) NEW YORK Longacre 5-3088 
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SANDERSON & PORTER 
ENGINEERS 


FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


of 
INDUSTRIALS and PUBLIC UTILITIES 


New York San Francisco 


Chicago 


SARGENT & LUNDY 
ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


A. Y. TAYLOR & COMPANY 


Municipal and Industrial 
Consulting Engineers 


Reports, Appraisals, Design 
Supervision of Construction 


2 So. Central Ave Clayton, Mo. 


HOWARD S. WARREN 


Consulting Electrical 
Engineer 


420 Lexington Ave. NEW YORE 


THE J. G. WHITE 
ENGINEERING CORPORATION 


Engineers—Constructors 


Oil Refineries and Pipe Lines, 
Steam and Water Power Plants, 
Transmission Systems, Hotels, Apartments, 
Offices and Industrial Buildings, Railroads 


80 BROAD STREET NEW YORE 


J. W. WOPAT 


Consulting Engineer 


TELEPHONE ENGINEERING 
Construction Supervision 
Appraisals—Financial 
Rate Investigations 


1510 Lincoln Bank Tower, Ft. Wayne, Ind. 


J. G. WRAY & CO. 
Engineers 
Utilities and Industrial Properties 


Appraisals Construction Rate Surveys 
Plans — Organizations Estimates 
Financial Investigations Management 


105 West Adams St., Chicago 


Employment 


Bulletin 


Engineering Societies Personnel Service, Inc. 


AAAINTAINED for their members by the national so- 
cieties of civil, mining, mechanical, and electrical 
engineers, in co-operation with other organizations. 

inquiry to any of the four offices will bring full information. 


A weekly bulletin of engineering positions open is 
available to members of the co-operating societies at a 
subscription of $3 per quarter or $10 per annum, payable 
in advance. 

In the interest of effective service, it is essential that 
members using the employment service keep the bureau 
office serving them advised at reasonable intervals con- 
cerning their availability for employment, concerning any 
change in status, and immediately upon acceptance of any 
employment. 

Employers interested in the following announcements 
should address replies to the key numbers indicated, and 
mail to the New York office. 


Men Available 


TRANSF ENGR, des, devpmt, sales or research, 
B.S.E.E., 1932; 29; can offer neatness, orderliness. 
ability and new ideas. E-736. 


ELEC-MECH ENGR. Seven yrs large elec util 
cos gaining both const and oprtg exper, followed by 
7 yrs leading consulting engg firms, thoroughly con- 
versant with regulatory commission work. Desires 
pos, preferably at New York. E-737. 


B.S.E.E., 1934; 29, married; exper meter dept, 
overhead distr; now employed as Managing Engr 
small util. Desires pos as distr engr or elec sales 
promotion engr. E-738. 


B.S.E.E., Univ of Pa, 1934; Associate AIEE; 
28, married; 5 yrs util exper, viz underground net- 
work, overhead transm and distr, step voltage regu- 
lators. Present rating, Engr, Distr. E-739. 


B.S.E.E., 1938; Associate AIEE; 4 yrs com lab 
tech. 1 yr Field Intensity Research. Exper ma- 
rine and broadcast radio oprtg. Instructor radio 
oprtg. Desiresposcom. Availableimmed. E-740. 


M.S.E.E., advanced work 2 excellent schs; N. Y. 
license; married; 10 yrs broad and intensive teach- 
ing, organizing and indus exper in pwr and com; 
desires opportunity in teaching, organizing, tech 
investigation. E-741. 


SALES ENGR, 48, married; 25 yrs sales exper 
indus and constr elec. eqpt. Specialist Itg and pwr 
sales. Ability train, direct, build up sales. Seek- 
ing pos where develop. E-742. 


ELEC ENGR, Fellow AIEE, professional li- 
cense, varied util, indus exper, U. S. and abroad. 
Past 15 yrs chief engr, gen supt, util in Mississippi 
Valley; exper in continuing property records. E- 
743. 


B.S.E.E.; 3 yrs Law, night, eligible Bar many 
states; 28, married; 6 yrs pub util com exper, 
rates, contracts, valuations, financial, depreciation 
and cost studies, oprtg problems, regulatory pro- 
cedure. E-744. 


ELEC ENGR, 18 yrs exper des, mfg, sales rotat- 
ing elec machy. Chief engr several cos. Can 
handle engg mfg, application and sales. Seeks 
exec pos in elec or mechindustry. E-745. 


RECENT GRAD, elec and mech engr; 28, single; 
ambitious. Desires opportunity for exper leading 
to responsible engg pos. Interested in sales and 
production. E-746. 


S.M., M.I.T., 1939; B.S.E.E., Univ of Mich, 
1936; 24, married; 2 yrs testg engr high voltage 
lab; 6 mos research, electronic prod. Desires pos 
research or des engr in high voltage engg, elec- 
tronics, com. Available immed. E-747. 


ELEC GRAD, Pratt Inst, 1934, with some exper 
in air conditioning eqpt, install and maintenance. 
Desires pos in same, preferably in East. Available 
immed. E-748. 


B.E.E.; 30, married; employed in meter dept, 
util co; 5 yrs exper util, steel mill, draftg office; 
util co or mfg pos desired; midwest preferred; Pro- 
fessional Elec Engr, Ohio. E-749. 

_ INDUS ENGR, 42, married; routing, planning, 
time study, wage incentive, estimating, mfg, esti- 
mating costs. Capable exec, elec and mech. Now 
employed. E-750. 

_ B.S.E.E., Col City of New York, recent grad; 
single. Desires pos with mfr of elec or mech prod. 
Location immaterial, salary secondary. Available 
immed, E-751. 

M.S.E.E., Univ of Minn, 1938; 33, married; 18 
mos exper pub util; asst to gen mgr; teaching exper; 
surveying exper; desires pos with engg future; now 
employed. E-752-261-Chicago. 


ENGINEERING SOCIETIES 
PERSONNEL SERVICE, INC. 


NEW YORK SAN FRANCISCO CHICAGO 
31 W. 39th St. 57 Post St. 211 W. Wacker Dr. 
DETROIT 


272 Hotel Statler 
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"“TYPHONITE ELDORADO PENCIL PAGE 


de inUS.a, DIXON'S ELDORADO--_ 


. . 
ER 


One DIXON’s TYPHONITE ELDORADO P 


never invades the territory of another. Like 
17 parallel lines, the 17 degrees of Typhonite 
Eldorado never meet. That you can count on. 


Stamped “2H”, it is a 2H, never a 3H nor an H. 


THE STARTLING UNIFORMITY of Dixon’s ‘a> 
Typhonite Eldorado Drawing Pencils stems 
from the same exclusive process which gives SAL 


them their celebrated opaqueness, evenness 


and strength of point. 


*IT’S THE TYPHONITE PROCESS. In this a 
process graphite is battered against graphite : rie 
in a typhoon of super-heated steam. A new 
form emerges—Typhonite. Its particles are ee 
incredibly smaller. More than that, their size a 


is even, controlled—a modern miracle of 


pencil making. 


Test Dixon’s Typhonite Eldorado Pencils in s “4 


your favorite degrees. They prove themselves. 


PENCIL SALES DEPARTMENT, JOSEPH DIXON CRUCIBLE CO., JERSEY CITY, N. J. 
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Advertised Products Index 


AMMETER COMPENSATING COILS 
Minerallac Electric Co., Chicago 


AMMETERS, VOLTMETERS 
(See INSTRUMENTS, ELECTRICAL) 


BRUSHES, COMMUTATOR 
National Carbon Co., Inc., Cleveland, O. 


BUS BAR SUPPORTS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CABLE ACCESSORIES 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago 


CAPACITORS 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


CIRCUIT BREAKERS 


Air Enclosed 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


Oil 
General Electric Co., Schenectady, N. Y. 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


CLAMPS, GUY & CABLE 


Malleable Iron Fittings Co., Branford, Conn. 


CONDENSERS, ELECTROSTATIC 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Westinghouse E. & M. Co., E. Pittsburgh 


CONDUIT PRODUCTS 
General Electric Co., Bridgeport, Conn. 


CONNECTORS, SOLDERLESS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


CONTROLLERS 
General Electric Co., Schenectady, N. Y. 
Rowan Controller Co., Baltimore, Md. 
Westinghouse E. & M. Co., E. Pittsburgh 


CONVERTERS, SYNCHRONOUS 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


DRAFTING (Whiteprints) 
Ozalid Prod. Div., Johnson City, N. Y. 


DRAFTING (Pencils) 
Dixen Crucible Co., J., Jersey City, N. J. 


ELECTRONIC TUBES 


General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


FURNACES, ELECTRIC 
American Bridge Co., Pittsburgh 
General Electric Co., Schenectady, N. Y. 


GENERATORS AND MOTORS 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


GROUND RODS 
Copperweld Steel Co., Glassport, Pa. 


HEATING UNITS 
General Electric Co., Schenectady, N. Y. 


INSTRUMENTS, ELECTRICAL 


Graphic 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


Weston Elec. Instrument Corp.,Newark, N.J. 


Indicating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


Weston Elec. Instrument Corp., Newark, N.J. 


Integrating 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


Weston Elec. Instrument Corp.,Newark, N.J. 


Scientific, Laboratory, Testing 
Acme Elec, & Mfg. Co., Cuba, N. Y. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E, & M. Co., E. Pittsburgh 


Weston Elec. Instrument Corp., Newark,N.J. 


INSULATING MATERIALS 


Cloth 
General Electric Co., Bridgeport, Conn. 


Irvington Varnish & Ins. Co., Irvington, N. J. 


Minerallac Electric Co., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 
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PARENT PRINTS , 
Beha Prod. Div., Johnson City, N. Y. 


TURBINES and TURBINE GENERATORS 


INSULATING MATERIALS (Cont'd) 
Compounds 
General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 


Roebling’s Sons Co., John A., Trenton, N. J. 


Westinghouse E. & M. Co., E. Pittsburgh 


Moulded 
General Electric Co., Bridgeport, Conn. 
Westinghouse E. & M. Co., E. Pittsburgh 
Paper 
General Electric Co., Bridgeport, Conn. 


Irvington Varnish & Ins. Co., Irvington, N. J. 


Westinghouse E. & M. Co., E. Pittsburgh 


Tape, Friction 
Minerallac Electric Co., Chicage 
Okonite Company, The, Passaic, N. J. 


Roebling’s Sons Co., John A., Trenten, N. J. 


Varnishes 
General Electric Co., Bridgeport, Conn. 


Irvington Varnish & Ins. Co., Irvington, N. J. 


Minerallac Electric Co., Chicago 


INSULATORS, PORCELAIN 
General Electric Co., Schenectady, N. Y. 
Ohio Brass Co., Mansfield, O. __ 
Westinghouse E. & M. Co., E. Pittsburgh 


INSULATOR TESTING EQUIPMENT 
Ferranti Electric, Inc., New York 
Roller-Smith Co., Bethlehem, Pa. 


LIGHTING EQUIPMENT, OUTDOOR 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


LIGHTNING ARRESTERS 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


LOAD RECORDERS—CONTROLLERS 
Leeds & Northrup Co., Philadelphia 


METERS, ELECTRICAL 
(See INSTRUMENTS, ELECTRICAL) 


MOTORS 
(See GENERATORS AND MOTORS) 


PENCILS, DRAWING 
Dixon Crucible Co., J., Jersey City, N. J. 


POLE LINE HARDWARE 


Malleable Iron Fittings Co., Branford, Conn. 


Ohio Brass Co., Mansfield, O. 
POLE MOUNTS 


Malleable Iron Fittings Co., Branford, Conn. 


RECTIFIERS 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


REGULATORS, VOLTAGE 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Sola Electric Co., Chicago, III. 
Westinghouse E. & M. Co., E. Pittsburgh 


RELAYS 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


Weston Elec. Instrument Corp., Newark, N.J. 


Westinghouse E. & M. Co., E. Pittsburgh 


RESISTORS 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago 
Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


RHEOSTATS, LABORATORY 
General Electric Co., Schenectady, N. Y. 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 


STEEL, ELECTRICAL 
Carnegie-Illinois Steel Corp., Pittsburgh 


SWITCHBOARDS 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


SWITCHES, AUTOMATIC TIME 
General Electric Co., Schenectady, N. Y. 
Minerallac Electric Co., Chicago 


SWITCHES, DISCONNECT 
General Electric Co., Schenectady, N. Y. 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


SWITCHES, GENERATOR FIELD 
I-T-E Circuit Breaker Co., Philadelphia 


TOWERS, TRANSMISSION 
American Bridge Co., Pittsburgh 


TRANSFORMERS 
Acme Elec. & Mfg. Co., Cuba, N. Y. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Kuhlman Electric Co., Bay City, Mich. 
Sola Electric Co., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 
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General Electric Co., Schenectady, INZY- 
Westinghouse E. & M. Co., E. Pittsburgh 


VARNISHES, INSULATING 


General Electric Co., Bridgeport, Cona. 
Irvington Varnish & Ins. Co., Irvington, N.J. 
Westinghouse E. & M. Co., E. Pittsburgh 


WELDERS, ARC 


General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


WELDING WIRE 


American Steel & Wire Co., Cleveland, O. 
General Electric Co., Schenectady, N. Y. 
Roebling’s Sons Co., John A., Trenton, N. J. 


WIRES AND CABLES 


Aluminum 4 
Aluminum Co. of America, Pittsburgh 


Armored Cable 
American Steel & Wire Co., Cleveland, O. 
Crescent Ins. Wire & Cable Co.,Trenton, N-J. 
General Cable Corp., New York 
General Electrie Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Asbestos Covered 
American Steel & Wire Co., Cleveland, O. 
General Cable Corp., New York 
General Electric Co., Bridgeport, Conn. 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Bare Copper 
American Steel & Wire Co., Cleveland, O. 
Copperweld Steel Co., Glassport, Pa. 
Crescent Ins. Wire & Cable Co., Trenton,N.J. 
General Cable Corp., New York 
Roebling’s Sons Co., John A., Trenton, N. J. 


Bronze 
Copperweld Stee] Co., Glassport, Pa. 


Copper Covered Steel 
American Steel & Wire Co., Cleveland, O. 
Copperweld Steel Coe., Glassport, Pa. 
General Cable Corp., New York 


Flexible Cord 
American Steel & Wire Co., Cleveland, O. 
Belden Mfg, Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenten,N.J. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Heavy Duty Cord 
American Steel & Wire Co., Cleveland, O. 
Crescent Ins. Wire & Cable Co., Trenton,N.J. 
General Cable Corp., New York 
Okenite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Lead Covered (Paper and Varn. Cambric Ins.) 
American Steel & Wire Co., Cleveland, O. 
Crescent Ins, Wire & Cable Co., Trenton,N.J. 
General Cable Corp., New York 

General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Okonite-Callender Cable Co., Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Magnet 
American Steel & Wire Co., Cleveland, O. 
Belden Mfg. Co., Chicago 
Crescent Ins. Wire & Cable Co., Trenton,N.J. 
General Cable Corp., New York 
General Electric Ce., Schenectady, N. Y. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Rabber Insulated 
American Steel & Wire Co., Cleveland, O. 
Crescent Ins. Wire & Cable Co., Trenton,N.J. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Tree Wire 
American Steel & Wire Co., Cleveland, O. 
Crescent Ins. Wire & Cable Co., Trenton,N.J. 
General Cable Corp., New York 
Kerite Ins. Wire & Cable Co., New York 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Weatherproof 
American Steel & Wire Co., Cleveland, O. 
Crescent Ins. Wire & Cable Co., Trenton,N.J. 
Copperweld Steel Co., Glassport, Pa. 
General Cable Corp., New York 
General Electric Co., Schenectady, N. Y. 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


WHITEPRINT PROCESS EQUIPMENT 


Ozalid Corp., Johnson City, N. Y. 


WHITEPRINT PAPERS, CLOTHS, FOIL 
We 


Ozalid Corp., Johnson City, N. 


X-RAY UNITS, INDUSTRIAL 


General Electric X-ray Corp., Chicago, III. 


DECEMBER 1940 


“Best Wishes for 
Your Happiness” 


from your friends and neighbors in the 
telephone company. May the friendly spirit 
of the holidays carry through all of 1941. 
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PURINE WOBAIRS EXPOSURE TO THE 


ELEMENTS PROVES KUHLMAN PORCELAIN ENAMELED 


TRANSFORMERS 100 PER CENT SATISFACTORY... 


Thousands of Kuhlman distribution trans- Porcelain enamel tanks are avail- 
es: V/ cv : . , able at no extra cost, when speci- 
C pi: Cc ‘ . ‘ Or- P z 5 
formers from 1’ to 25 Kva, housed in por ited. pam uhlmeni clin ee ioe 
celain enameled tanks, have been on the transformers from 12 to and in- 


cluding 25 Kva. 


ob for three years and records prove con- 
clusively that these tanks—better than those 
of any other type—effectively reduce main- 
tenance costs and assure longer tank life. 
In locations where atmospheric conditions 
are tough on paint, the porcelain enameled 
tanks of Kuhlman transformers have been 
particularly effective in preventing the 
havoc of rust and corrosion caused by salt 
air, rain, sleet and snow. 

In addition to porcelain enameled tanks, 
Kuhlman Distribution transformers give you 
the outstanding advantages of the patented 
Kuhlman Bent-Iron Core, controlled surge, 
tanks oil-filled under vacuum, new-type pri- 
mary and secondary bushings and many 
other features that insure longer transformer 
life and greater efficiency. Write today for 
further facts about Kuhlman power, dis- 
tribution, C.S.P. or Saf-T-Kuhl transformers. 


h u HLMAN tise 


MICHIGAN * OFFICES IN 40 CITIES 


Hazard Watertite rubber insulation 
is extremely moisture resisting and re- 
tains its electrical characteristics to a very 
high degree even after prolonged immer- 
sion: (tests on samples kept under water 
for 5 years actually show no loss of insu- 


lation qualities whatsoever). 


Developed originally to meet the severe 


conditions encountered in coal mines. 


ATERTITE | 


Hazard Watertite is exceptionally strong 


and tough having a tensile strength of 


about 2500 lbs. per sq. inch. 


Hazard Watertite conforms to the re- 
quirements of Type RW Wires in the 
1940 National Electrical Code for wiring 
in wet locations (Section 3035). Its use 
permits lighter and less costly eable as- 


semblies and simplifies installation. 


Write for full particulars. 


HAZARD INSULATED WIRE WORKS 


DIVISION OF THE OKONITE CO. 
WORKS: WILKES-BARRE, PENNSYLVANIA 


New York Chicago Philadelphia Atlanta 


Dallas Washington ~ Cleveland 


Pittsburgh Buffalo Boston Detroit Seattle 


San Francisco St. Louis Los Angeles 


